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Food waste is considered a social, environmental and economic problem. Concerns are based, 
amongst other things, on the environmental damage produced by the food supply chain (FSC) and 
the substantial amount of food that is wasted. 
This work reviews the relationship between food waste and the environmental burden of food, aiming 
to improve our understanding of food waste and its environmental consequences in order to find the 
most effective solution to reduce environmental burdens of food provision. 
 In this thesis, food waste is defined as any product that was intended for human ingestion but for any 
reason this was not the case. 
The topic is studied from three perspectives, utilising multiple methods including input-output and 
process-base life cycle assessment techniques. First, the available methods to account for the 
environmental burden of food waste at a country level have been explored. Then, the issues regarding 
methods to characterise food waste on a broader scale were studied. Lastly, the environmental 
implications of an alternative food supply chain have been analysed. 
To characterise environmental burden of food waste at a country level, environmentally-extended 
input-output analysis has been proposed as the most suitable method available. The proposed 
technique has been applied to Australia, results show that food waste generated in Australia in 2008 
embodied 9% of total water use in Australia and 6% of Australia’s GHG emissions. Most of the water 
embodied in products was added to the footprint at the farm stage, while GHG emissions are added 
at different stages with the most significant being farm level and end-of-life emissions. In terms of 
socio-economic indicators, Australia’s food waste embodied 1% of surplus and also 1% of 
compensation to employees, which are mostly embodied at the later stages of the food supply chain. 
Regarding the methods to characterise food waste on a broader scale (country or region) it is identified 
that when available approaches are applied to Australia, these techniques produced substantially 
different results. Several data inconsistencies and substantial data gaps to adequately characterise 
food waste at a country level are identified. To accurately characterise food waste at a country level, 
this thesis proposes the use of a flexible framework with a mass balance as its primary method, which 
allows combining multiple and possible conflicting data sources. 
The assessment of the environmental implications of an alternative food supply chain, working 
through a “box scheme” is explored through a comparison with a conventional food supply chain. 
The exercise first estimated the amount of food waste generated for six horticultural products and 
then compared each supply chains environmental performance using a process-based life cycle 
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assessment technique. Results show that the supermarket supply chain produces significantly more 
food waste than the alternative food supply chain studied for the horticultural products considered. 
Food waste is a significant driver for the environmental impact of food provision. By reducing food 
waste, the environmental impact can also be lowered. The reduction of food waste achieved by the 
alternative supply chain studied has environmental benefits. For the supply chain analysed, food 
waste is a more significant contributor to a product's GHG emissions and water use compared with 
altering transport, packaging and energy for packaging and storage. This means that from an 
environmental point of view, benefits of scale, regarding transport and storage, achieved by a 
supermarket, are not as important as reducing food waste. 
This work has improved our understanding of the relationship between environmental burden of food 
supply and food waste. It has also proposed methods to estimate food waste at a broader scale and to 
estimate food waste environmental burden. It highlights the significance of reducing food waste as a 
tool to reduce environmental issues of food provision and the importance of considering socio-
economic aspects when planning for solutions on food waste. 
The environmental burden of food waste    III 
Beatriz Reutter Susaeta – PhD thesis 
Declaration by author 
 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due reference has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, financial support and any other original research work used or reported in my thesis. The 
content of my thesis is the result of work I have carried out since the commencement of my higher 
degree by research candidature and does not include a substantial part of work that has been 
submitted to qualify for the award of any other degree or diploma in any university or other tertiary 
institution. I have clearly stated which parts of my thesis, if any, have been submitted to qualify for 
another award. 
 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School.  
 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis and have sought permission from co-authors for 
any jointly authored works included in the thesis. 
 
 
The environmental burden of food waste    IV 
Beatriz Reutter Susaeta – PhD thesis 
Publications during candidature 
 
Peer-reviewed papers 
 Reutter, B., Lant, P., Reynolds, C., Lane, J., 2017. Food waste consequences: 
Environmentally extended input-output as a framework for analysis. Journal of Cleaner 
Production 153, 506-514. Incorporated as Chapter 3. 
 Reutter, B., Lant, P.A., Lane, J.L., 2018. Direct and indirect water use within the Australian 
economy. Water Policy wp2018055. doi: https://doi.org/10.2166/wp.2018.055. Incorporated 
as Chapter 4. 
 Reutter, B., Lant, P.A., Lane, J.L., 2017. The challenge of characterising food waste at a 
national level—An Australian example. Environmental Science & Policy 78, 157-166. 
Incorporated as Chapter 5. 
 
Conference presentation 
 Industrial Ecology in the Asia-Pacific Century: Interdisciplinary science for building 
sustainable industrial systems and human settlements. November 2014, Melbourne, Australia. 
Presentation: “The environmental impact and economic value of food waste in Australia; a 
state by state examination” 
 IELab Conference, 11-12 June 2015, Sydney, Australia. Presentation: “Water in Australian 
Economy”. 
 IELab Conference, 11-12 June 2015, Sydney, Australia. Presentation: “IELab for beginners” 
 
Publications included in this thesis 
 
Reutter, B., Lant, P., Reynolds, C., Lane, J., 2017. Food waste consequences: Environmentally 
extended input-output as a framework for analysis. Journal of Cleaner Production 153, 506-514. 






Drafting  and 
production 
Beatriz Reutter 50% 70% 70% 
Paul A. Lant 0% 15% 15% 
Christian Reynolds 20% 0% 0% 
Joe Lane 30% 15% 15% 
 
 
The environmental burden of food waste    V 
Beatriz Reutter Susaeta – PhD thesis 
 
Reutter, B., Lant, P.A., Lane, J.L., 2018. Direct and indirect water use within the Australian economy. 








Beatriz Reutter 70% 60% 60% 
Paul A. Lant 10% 10% 10% 
Joe Lane 20% 30% 30% 
 
Reutter, B., Lant, P.A., Lane, J.L., 2017. The challenge of characterising food waste at a national 









Beatriz Reutter 70% 60% 60% 
Paul A. Lant 10% 10% 10% 
Joe Lane 20% 30% 30% 
 
 
The environmental burden of food waste    VI 
Beatriz Reutter Susaeta – PhD thesis 
Contributions by others to the thesis  
 
Contributions by all co-authors in the listed publications. 
Paul Lant and Joe Lane commented on this thesis. 










Research Involving Human or Animal Subjects  
 
No animal or human participants were involved in this research. 
 
The environmental burden of food waste    VII 
Beatriz Reutter Susaeta – PhD thesis 
Acknowledgements 
 
My PhD journey has been a fantastic one, during which I have been lucky to be supported by many 
people and institutions. I want to specially thank: 
Brian Keating, for showing me a different side of being a PhD and for early discussions on my thesis 
topic. Your encouragement was invaluable. 
Steven Kenway, for accepting me as a PhD student and encouraging me to fly. I flew freely, a little 
bit too far… Thanks for your support. 
Thanks to Joe Lane, your mind is wonderful. Thanks for taking the time to discuss my research, for 
encouraging me to think further and for teaching me a new meaning of the word ‘time’. You taught 
me more than you know. 
Thanks to Paul Lant, for believing in me and my research and accepting me as a PhD student under 
interesting circumstances. Under your guidance I felt confident. 
Christian Reynolds, for providing awesome support and encouragement during the difficult early 
months. Your positive attitude towards sharing and your passion for food waste are an example. 
To the IELab community (too many to name), for always positively (and patiently) supporting my 
endevour to understand “the beauty” of IElab. 
Thanks to the waste crew, our lunches were always a nice break and provided both the space to vent 
and the chocolate that I badly needed. 
Leela Dilkes-Hoffman, thank you for your positive energy and your invaluable help with the last 
piece of work.   
Thanks to the WEC crew, for having my back at the start of this journey, for good laughs and all the 
meaningful conversations. 
Thanks to numerous friends who were patiently proofreading my writing. 
I’m grateful to the Chilean Government for providing the financial support for this PhD.  
Finally, thanks to my family for believing in me and for being excited about my research. Thanks to 
my parents for teaching me the importance of caring for the environment. I am deeply grateful to my 
husband, without whom this road would have been impossible to take, and it certaintly wouldn’t have 
been such an enjoyable one. Thanks for laughing wholeheartedly every time I tried to explain my 
research. Thanks to my son, your smile erase all my troubles.   
The environmental burden of food waste    VIII 
Beatriz Reutter Susaeta – PhD thesis 
Financial support 
 




Environmentally-extended input-output analysis, LCA, process base life cycle assessment, food 
waste, wastage, food loss, food supply chain 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
 
ANZSRC code: 050204, Environmental Impact Assessment, 50% 
ANZSRC code: 090899, Food Sciences not elsewhere classified, 50% 
 
Fields of Research (FoR) Classification 
 
FoR code: 0701, Agriculture, Land and Farm Management, 10% 
FoR code: 1402, Applied economics, 60% 
FoR code: 0908, Food science, 30% 
  
The environmental burden of food waste    IX 














To my grandmothers, Thelma and Meme, who together provided a great 
example to achieve my PhD: the passion for knowledge, the pleasure of 
studying and the importance of enjoying life. 
 
The environmental burden of food waste    X 
Beatriz Reutter Susaeta – PhD thesis 
Table of Contents 
Abstract ................................................................................................................................................................................................... I 
Declaration by author ............................................................................................................................................................................ III 
Publications during candidature ........................................................................................................................................................... IV 
Acknowledgements ............................................................................................................................................................................. VII 
List of Figures & Tables ....................................................................................................................................................................... XI 
List of Abbreviations .......................................................................................................................................................................... XIII 
SECTION I INTRODUCTION ...............................................................................................................................................................1 
1. Introduction ........................................................................................................................................................................2 
1.1. Background ............................................................................................................................................................2 
1.2. Motivation and Objectives .....................................................................................................................................3 
1.3. Scope .....................................................................................................................................................................5 
1.4. Structure of the thesis ............................................................................................................................................6 
2. Literature Review ...............................................................................................................................................................8 
2.1. Food waste definition ............................................................................................................................................8 
2.2. The environmental and socio-economic consequences of food waste ...................................................................9 
2.3. Key findings of the review and how they link to the thesis Objectives ............................................................... 14 
SECTION II RESEARCH OUTCOMES .............................................................................................................................................. 16 
3. Food waste consequences: Environmentally extended input-output as a framework for analysis .................................... 17 
Abstract.................................................................................................................................................................................. 17 
3.1. Introduction ......................................................................................................................................................... 18 
3.2. Methodology ........................................................................................................................................................ 24 
3.3. Results and discussion ......................................................................................................................................... 27 
3.4. Conclusions ......................................................................................................................................................... 33 
4. Direct and indirect water use within the Australian economy .......................................................................................... 34 
Abstract.................................................................................................................................................................................. 34 
4.1. Introduction ......................................................................................................................................................... 35 
4.2. Methodology ........................................................................................................................................................ 36 
4.3. Results and discussion ......................................................................................................................................... 40 
4.4. Conclusions ......................................................................................................................................................... 48 
5. The challenge of characterising food waste at a national level- an Australian example ................................................... 50 
Abstract.................................................................................................................................................................................. 50 
5.1. Introduction ......................................................................................................................................................... 51 
5.2. Background .......................................................................................................................................................... 52 
5.3. Methods ............................................................................................................................................................... 57 
5.4. Results ................................................................................................................................................................. 61 
5.5. Discussion ............................................................................................................................................................ 65 
5.6. Conclusions ......................................................................................................................................................... 68 
6. An alternative food network reduces environmental burdens by reducing food waste ..................................................... 70 
Abstract.................................................................................................................................................................................. 70 
6.1. Introduction ......................................................................................................................................................... 71 
6.2. Methodology ........................................................................................................................................................ 72 
6.3. Results and discussion ......................................................................................................................................... 80 
6.4. Conclusions ......................................................................................................................................................... 88 
SECTION III DISCUSSION & CONCLUSIONS ................................................................................................................................ 90 
7. Discussion ........................................................................................................................................................................ 91 
7.1. The reduction of food waste offers an opportunity to reduce the environmental burden of food provision......... 91 
7.2. Socio-economic and environmental factors need to be considered in order to fully understand the consequences 
of food waste ......................................................................................................................................................................... 93 
7.3. Food waste needs to be rigorously characterised to estimate its footprint and its implications ........................... 93 
7.4. Input-output analysis is the preferred methodology to estimate the socio-economic and environmental burden of 
food waste 94 
7.5. A framework that integrates diverse data sources to account for food waste at a country level is needed ........... 95 
7.6. Significance of this thesis for different stakeholders ........................................................................................... 97 
8. Conclusions & Recommendations .................................................................................................................................... 98 
8.1. Recommendations for future research ............................................................................................................... 100 
References ........................................................................................................................................................................................... 102 
Appendix A        Food waste consequences: Environmentally extended input-output as a framework for analysis ............................ 114 
Appendix B        Direct and indirect water use within the Australian economy .................................................................................. 117 
Appendix C        The challenge of characterising food waste at a national level – an Australian example ......................................... 127 
Appendix D        An alternative food network reduces environmental burdens by reducing food waste............................................. 143 
The environmental burden of food waste    XI 
Beatriz Reutter Susaeta – PhD thesis 
 
List of Figures & Tables 
 
Figure 1: Representation of the methodology used for estimating food waste cost and embodied water consumption, GHG emissions, 
surplus and compensation to employees (CoE). White boxes represent data sources and the grey squares represent results. ..... 25 
Figure 2: Water, surplus and compensation to employees embodied in, and GHG emitted because, food production, food waste and 
other activities. ............................................................................................................................................................................. 30 
Figure 3: Use of resources in Australian food production, differentiating by food supply stage that resources are incorporated. ........ 31 
Figure 4: Water, surplus and compensation to employees embodied in, and consequential emissions of, food waste together with cost 
and mass of Australian food waste by different food groups. ...................................................................................................... 31 
Figure 5: Australian states/territories’ direct and embodied water use. Interconnections between the region of water use (on the left-
hand side) and the distribution of ‘virtual water’ (on the right-hand side) in products either exported or consumed domestically 
for 2009. The direct use of water by consumers is not included in the results compiled here...................................................... 42 
Figure 6: Direct flows of water and indirect flows of ‘virtual water’ through the Australian economy for the year 2009. Virtual water 
from food agriculture includes all water used to irrigate crops for human and animal consumption. .......................................... 45 
Figure 7: Regional variation in the WF (ML/$) of each sector for 2009. For each sector, the whole-of-Australia WF value (dot) is 
provided, along with the range of state-based WF values (range bar). ........................................................................................ 46 
Figure 8: Changing water footprints for the Australian economy, between 2001 and 2012. For each year, the breakdown (%) of the 
total WF is shown for [direct household consumption] vs. [consumption associated with domestically consumed products] vs. 
[consumption associated with exported products]. ...................................................................................................................... 48 
Figure 9: The three different analytical approaches used across the available literature sources, to characterise food waste at a 
national level. The two top-down approaches disaggregating an estimate of total available food  and disaggregating an 
estimate of total food waste, start with different national estimates, and then employ various approaches to break that down by 
food waste category and by food waste producer. The bottom-up approach, extrapolation of sample data, uses extrapolation 
factors to escalate sample data to an entire population. ............................................................................................................... 56 
Figure 10: Estimated food waste as a percentage of total household purchases, in mass terms by food category. ................................ 64 
Figure 11: Commercial and industrial food waste characterisation using different top-down methods. Chart A shows characterisation 
by food category wasted. Chart B shows characterisation by producing industry. ...................................................................... 65 
Figure 12: Food supply chain for horticultural products representation. The supermarket food supply chain is represented by 
consumers sourcing products from supermarkets. The alternative supply chain is represented by consumers getting food from a 
“box scheme” supply company. ................................................................................................................................................... 74 
Figure 13: Contribution to total food waste per supply chain stage, including consumption stage. Average of all products. ............... 81 
Figure 14: Cumulative food waste generated up to the distribution centre. Data show do not account for consumer food waste. ........ 82 
Figure 15: Water use and GHG emissions by food type and FSC. Estimates are for the low consumer waste scenarios. For GHG 
emissions, values represent the average for 0 and 50% landfill methane recovery. ..................................................................... 85 
Figure 16: Waste generated, GHG emitted and water use per one kilogram of banana eaten by the consumer. Scenario considered is 
the low consumer waste and 50% methane recovery. For water use, not all contributors shown some are too small to be visible 
in the graph. ................................................................................................................................................................................. 86 
Figure 17: Average GHG emissions for the consumption of 1kg of product for two supply chains. 50% landfill methane recovery 
scenario considered and high consumer waste. The contribution of each process to total shown. ............................................... 87 
 
 
Table 1: Available studies quantifying environmental consequences of food waste at a regional (or country) scale. They are classified 
in to whether they provide an analysis of socio-economic indicators together with environmental ones, if they provide analysis 
on implications of food waste reduction and selected methodology characteristics are also presented. ...................................... 11 
Table 2: Thesis Objectives, research questions, and their link to the knowledge gaps identified. ......................................................... 15 
Table 3: Main characteristics of process and environmentally extended input-output analysis, with emphasis on their features to 
perform food system analysis. ..................................................................................................................................................... 21 
Table 4: Available studies on the quantification of resources embodied in food waste and their primary method, scope and impacts 
assessed. Numbers in parenthesis and italic provides information on disaggregation of results for the specified category. The 
last row indicates the scope of this study. .................................................................................................................................... 23 
Table 5: Inter-regional water dependencies, listing for each of the eight States and Territories for 2009: (a) the allocation of that 
region’s direct water use to the different flows of virtual water; and (b) the State of origin of the virtual water use per state. ... 43 
Table 6: Changing water footprints for the Australian economy, between 2001 and 2012, expressed as a fraction of the equivalent 
2001 values. ................................................................................................................................................................................. 47 
Table 7: Country level studies on food waste characterisation. Only two studies have been conducted on a developing country. Most 
studies utilise the “disaggregation of total available food” as their main method and provide little disaggregation on food 
categories. Numbers in parenthesis provide the level of disaggregation found in each of the characteristics. ............................. 53 
Table 8: Methods taken and their scope, together with data sources and important considerations. All methods were applied to 
household food waste. Only 3 could be applied to commercial and industrial waste (1ED, 2ALL and 3ALL). Three methods 
provided data on edible fractions of food waste (denoted with subscript ED), while the others provided all material types 
(denoted with subscript ALL) ....................................................................................................................................................... 60 
The environmental burden of food waste    XII 
Beatriz Reutter Susaeta – PhD thesis 
Table 9: Estimated food waste generated by households by the seven methods utilised in the research, for (a) all food waste 
(including the edible & inedible fractions); and  (b) only the edible fraction of wasted food. ..................................................... 62 
Table 10: Food waste percentage values used per stage of the food supply chain for the supermarket supply chain. In grey Australian 
data. ............................................................................................................................................................................................. 76 
Table 11: Food waste percentage values used per stage of the food supply chain for the alternative supply chain. In grey Australian 
data. ............................................................................................................................................................................................. 77 
Table 12: Food waste percentages per food supply stage and product up to the distribution centre (not accounting for consumer food 
waste). .......................................................................................................................................................................................... 84 
 
  
The environmental burden of food waste    XIII 
Beatriz Reutter Susaeta – PhD thesis 
List of Abbreviations 
$/Kg Dollars per Kilogram 
ABS Australian Bureau of Statistics 
ACT Australian Capital Territory 
AFN Alternative food network 
CO2 Carbon dioxide 
CO2-e Carbon dioxide equivalents 
CoE Compensation to employees 
ED Edible 
EDGAR Emission Database for Global Atmospheric Research 
EeIO Environmentally-extended input-output 
FAO Food and Agriculture Organization 
FSC Food supply chain 
g gram 
GDP Gross domestic product 
GHG Greenhouse gases 
IELab Industrial Ecology Virtual Laboratory 
IO Input-output 
kL/$ Kilolitre per dollar 
Kw Kilowatt 
kWh/kg Kilowatt hour per Kilogram 
LCA Life cycle assessment 
MIOT Monetary input-output table 
ML  Megalitre 
ML/$ Megalitre per dollar 
NSW New South Wales 
NT Northern Territory 
PIOT Physical input-output table 
QLD Queensland 
SA South Australia 
Sur Surplus 
Tas Tasmania 
UN United Nations 
Vic Victoria 
WA Western Australia 
WF Water footprint 
Wh/kg Watt hour per kilogram 
WRAP Waste and Resource Action Plan 
The environmental burden of food waste    1 








The environmental burden of food waste    2 
Beatriz Reutter Susaeta – PhD thesis 
1. Introduction 
1.1. Background 
Food waste is considered a social, environmental and economic problem. The topic has gained 
a high public profile in recent years. Concerns are based, amongst other things, on the 
environmental damage produced by the food supply chain (FSC) and the substantial amount of 
food that is wasted. 
The environmental damage that is produced by the food supply chain is a topic of global 
concern. Multiple factors combine at different stages of the food supply chain in order to 
produce our food. Land, water, fertilizers and labour are used in the agricultural phase and 
energy and packing materials are used for storing, transporting and preparing food for 
consumption. Environmental concerns associated with food production include the 
contamination and depletion of waterways, land use change, loss of biodiversity, greenhouse 
gas emissions (GHG), and the alteration of the nutrient cycle (Millennium Ecosystem, 2005; 
Power, 2010; Zhang et al., 2007). 
For example, water use by agriculture is estimated to account for 70% of global withdrawals 
(FAO, 2013a), causing reduction in river flows and aquifer storages, wetland extinction and 
social and political conflicts (Millennium Ecosystem, 2005). Of those withdrawals, almost 50% 
is estimated to be from non-renewable or non-local sources (Rost et al., 2008), and this is 
predicted to decrease water availability and increase conflict. Agriculture has also 
contaminated water bodies through fertilizer percolation into groundwater storages and through 
sediment runoff (Meybeck, 2003).  
Globally, the agricultural sector's contribution to human-induced GHG emissions has been 
estimated to be between 17% and 32% (Bellarby et al., 2008; Hertwich and Peters, 2009). Food 
transport, refrigeration and preparation has also been found to release GHG’s (Garnett, 2011). 
The amount of food that is not eaten, and becomes food waste, is significant. According to 
Gustavsson et al. (2011), globally 30% of the total food produced for human consumption is 
wasted along the food supply chain. In the United States, Hall et al. (2009) shows that food 
waste increased by approximately 50% in the period from 1970-2000, reaching to almost 40% 
of total available calories in the early 2000s. Food waste at the consumer level is the most 
significant contributor to total food waste (Gustavsson et al., 2011), and it has been found that 
this amount increases as per-capita GDP increases (Xue et al., 2017). Considering this, the 
production of food waste is expected to increase if action is not taken (Nations, 2015). 
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Government and non-government organisations are committing themselves to reach ambitious 
targets to reduce food waste with the aim to reduce food production environmental burdens. 
Those campaigns have responded to growing concerns about the high levels of wastage in 
industrialised food systems, the expectation of substantial growth in future global food demand, 
and the strong association between agricultural production and environmental impacts (FAO, 
2013b, 2014a). 
However, there has been little research about the link of food waste and its environmental 
burden, and methodological and data gaps are significant (Parfitt et al., 2010; Xue et al., 2017). 
Insufficient data on food wastage could constrain the effectiveness of those campaigns, as the 
diverse range of opportunities to reduce food waste could deliver very different environmental 
outcomes (Beretta et al., 2013). Both the environmental burdens of wasted food, and the 
potential for socio-economic barriers to waste reductions, can vary substantially across 
different food categories, and across diverse points in the food supply chain. Therefore, better 
knowledge of food waste economic and environmental consequences is essential to properly 
manage environmental consequences of food waste. 
This PhD aims to improve our understanding of food waste and its environmental consequences 
in order to find the most effective solution to reduce environmental burdens of food provision. 
1.2. Motivation and Objectives 
This PhD thesis contains three major research Objectives, which together help to achieve the 
thesis aim. The Objectives address knowledge gaps (identified in Chapter 2). 
Research Objective 1: 
Develop a robust methodology to account for the environmental burdens of food waste at a 
country level 
Research questions related to this Objective are:  
1) What analytical scope is needed for analysing consequences of food waste? (Chapter 
3) 
2) What are the appropriate analytical frameworks? (Chapter 3 and 6) 
3) Is available data enough to account for the environmental burdens of food waste at a 
country level, and how can it be improved? (Chapter 4, 5 and 6) 
Through seeking to answer these research questions this thesis will analyse the analytical scope 
needed, and review the available methods, to estimate the environmental and socio-economic 
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factors embodied in food waste at a country level. It will justify why the environmentally-
extended input-output technique is selected as the most suitable one. It will also quantify 
environmental and socio-economic factors embodied in Australian food waste to display the 
benefits of the selected method. 
Environmental databases, specifically of water use, will also be reviewed and improved. 
This Objective was motivated by two factors. Firstly, the discrepancy regarding methods used 
to quantify environmental aspects of food waste. Secondly, the need to account for socio-
economic and environmental factors together. 
Research Objective 2: 
To understand the strengths and limitations of methods to characterise food waste at a 
country level 
Research questions related to this Objective are: 
4) How do existing methods for food waste characterisation at a regional scale perform 
when compared to each other? (Chapter 5) 
5) What are the characteristics that an ideal framework should have to estimate food waste 
at a regional scale? (Chapter 5) 
 
To achieve this Objective this thesis review the available methods to characterise food waste 
at a country level and apply them using Australia as a case study. Drawing on the findings, I 
propose a framework to compile food waste data at a country level. 
The motivation for this research Objective is that most country-wide food waste 
characterisation studies rely on only one study (Gustavsson et al., 2011); but that study warns 
about the high uncertainty of its results. 
 
Research Objective 3: 
To assess the environmental implications of an alternative food supply chain, that aims to 
reduce food waste 
Research questions related to this Objective are: 
6) How does food waste affect the environmental impacts of food provision? (Chapter 6) 
7) Does an alternative food network reduce horticultural products’ food waste compared 
with a conventional food supply chain? (Chapter 6) 
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8) Does this have environmental benefits or downsides? (Chapter 6) 
 
This Objective aims to understand the effect that different food supply chains have over food 
waste generation and the environmental outcomes of this difference. To do so, it compares an 
Australian alternative food network, working with a box scheme, with a conventional one. 
This research Objective was motivated by the need to understand if different supply chains 
generate different amounts of food waste. Alternative food networks have been featured as an 
option to reduce food waste (Priefer et al., 2016). However, no evidence of this has yet been 
published.  
1.3. Scope 
Food waste, and its effects, is a wide-ranging subject, too extensive for a single thesis. The 
generation of food waste has an impact over, and is influenced by, environment, social, cultural, 
political, behavioural, nutritional and economic factors (to name a few). This thesis scope is 
mostly restricted to food waste quantification and its environmental consequences. Australia 
has been used as a case study, for purely practical reasons, as the research was conducted 
physically in Australia, and data accessibility had less barriers. 
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1.4. Structure of the thesis 
This thesis consists of the following three sections: 
Section I: Introduction 
Chapter 1: Introduction 
This provides the background, explaining the main thesis Objectives and how each subsequent 
Chapter contributes to achieve the thesis’ Objectives. 
Chapter 2: Literature review 
This discusses the available definitions of food waste, then provides an overview of the current 
research on the environmental and socio-economic impacts of food waste, highlighting current 
data gaps that are to be addressed in the thesis. 
Section II: Research Outcomes 
This is the body of the thesis and is composed of four Chapters. Together they advance our 
understanding of food waste and its environmental and socio-economic consequences. Each 
Chapter is written as a journal paper containing its own literature review and methods. 
Chapter 3: Food waste consequences: Environmentally extended input-output as a framework 
for analysis 
This Chapter makes the case for using environmentally extended input-output analysis as a 
method to analyse environmental and socio-economic consequences of food waste. It addresses 
Research Objective 1. 
Chapter 4: Direct and indirect water use within the Australian economy 
This Chapter updates a database to estimate water use within Australia, providing information 
that can be use to identifying the potential savings that could be achieved in terms of water use, 
if food waste was reduced. Addresses Research Objective 1. 
Chapter 5: The challenge of characterising food waste at a national level – an Australian 
example 
This Chapter reviews the available methods to characterise food waste at a country level and 
proposes a new framework that combines the strength of the available ones. It addresses 
Research Objective 2. 
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Chapter 6: An alternative food network reduces environmental burdens by reducing food 
waste. 
This Chapter seeks to quantify food waste and the environmental burden of two Australian 
food supply chains. It addresses Research Objective 3. 
Section III: Discussion and Conclusions 
Chapter 7: Discussion 
This Chapter discusses and provides insight on the main findings of the thesis. 
Chapter 8: Conclusions 
This Chapter concludes the arguments and reviews the relevance of these thesis findings for 
researchers, policy makers and the wider community. It also provides recommendations for 
future work. 
  
The environmental burden of food waste    8 
Beatriz Reutter Susaeta – PhD thesis 
2. Literature Review 
This literature review has two intentions. First, to discuss the definition of food waste. This is 
necessary as the term has different meanings depending on the context. Second, to presents an 
overview of the literature assessing environmental impacts of food waste in a broader scale. 
The review is structured to highlight the current knowledge gaps, providing a justification of 
the thesis Objectives (presented in Chapter 1). Chapter 3 to 6 contains their own literature 
review for the specific topic at hand. This section does repeat the information contained in 
them.  
2.1. Food waste definition 
The definition of food waste is not straight forward and plenty of definitions and concepts are 
used to refer to it. Authors disagree over which stages in the food production chain account for 
the production of food waste, as well as the type of products considered as food waste. 
The first, and maybe most significant point of disagreement, is whether crops that are intended 
for animal feed are, or are not, considered food waste (Lundqvist et al., 2008; Stuart, 2009). 
Related to this, emerges the question of whether food that was produced for human 
consumption and ended up as feed is considered food waste (Stuart, 2009). Because of the 
magnitude of agricultural products that are diverted to animal feed, the question of whether to 
account them as food waste or not produces a great difference when quantifying food waste. It 
also has to be considered that a fraction of feed is returned to the human food supply system as 
animal products. 
The question of whether to consider food left in the field as food waste is also a common one 
(FAO, 1981; Gustavsson et al., 2011), but accounting for this type of product is difficult 
because it doesn't formally enter the economic system. In addition, authors argue that 
overconsumption should be considered food waste (Smil, 2004). This definition is ethically 
controversial. 
The classification of food waste into different types is an important one. The Food Loss and 
Waste Accounting and Reporting Standard (World Resource Institute, 2016) classifies food 
wasted into three material types: i) avoidable food waste refers to food that at some stage could 
be eaten, ii) unavoidable food waste is one that was never intended to be eaten (e.g. tea bags, 
banana peels, chicken bones) and, iii) possible avoidable food waste refers to food that in some 
cases can be eaten, depending in food preparation and culture (e.g. potato peels or animal 
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intestines). Some studies refer to food waste only considering the avoidable fraction of it and 
some consider all of the material types.  
In addition to this, authors refer to food waste using different terms, many times depending on 
where food is lost in the value chain. FAO defines food losses as food that is lost in the 
production chain and food waste as the one that is lost in supermarkets and at a consumer level. 
It also aggregates both, food losses and food waste, as food wastages (Gustavsson et al., 2011). 
This thesis adopts the food waste definition as any product that has been produced to be 
consumed by humans and was diverted from this purpose (Gustavsson et al., 2011). This is the 
most commonly definition used, as such the results presented in this thesis could be better 
compared with existing and future literature. The definition does not account for products 
grown for animal feed as food waste, nor over-consumption as food waste. The terms food 
waste, wastage and food loss are used interchangeably in this thesis. Each case study presented 
includes specific food products and food waste types, which are described in the specific 
Chapter. 
2.2. The environmental and socio-economic consequences of food waste 
The study of the environmental significance of food waste has rapidly increased in the last 
decade. Current studies have been quite good at setting the scene and raising awareness, though 
there are still many inconsistencies and data gaps. This data inconsistency generates a barrier 
to create interventions to most effectively reduce the environmental burden of food waste. 
After the first whole-region study published in 2009 (Hall et al., 2009), 18 studies of this sort 
have followed. Table 1 presents studies that have explored the environmental significance of 
food waste at a whole-region level. To identify gaps in the current body of “environmental 
significance of food waste” literature, Table 1 categorises studies based on: (i) whether they 
also account for socio-economic implications of food waste, (ii) if the analysis includes 
implications of food waste interventions, (iii) what type of environmental accounting method 
is used, (iv) environmental indicators evaluated and the database used, and, (v) food waste data 
sources, the method used to obtain it and its scope.  
Firstly, only five out of the 18 studies consider some kind of socio-economic evaluation 
together with an environmental one, revealing a lack of data in this area. Of these five studies, 
four considered only the cost of food waste that was valued at market or producers prices. 
Martinez-Sanchez et al. (2016) is the only study to consider other economic indicators. They 
looked at changes to payment of taxes and labour associated with the reduction of food waste. 
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With socio-economic indicators (e.g. employment, industry value added and taxes) being likely 
to change if a country’s food waste is significantly reduced (Rutten, 2013), this thesis argues 
that it is extremely important to account for them when modelling consequences of food waste 
reduction. 
 
Secondly, there are few analyses of environmental implications of food waste interventions 
along the food supply chain. Salemdeeb et al. (2017) and Martinez-Sanchez et al. (2016), both 
offer an analysis of the possible effects of a reduction in consumers’ food waste at a country 
level, concluding that income effects needs to be considered to fully understand the 
consequences of food waste reduction. Nevertheless, no study investigates the outcome that a 
reduction in consumer food waste would have over the FSC, or the consequences of reducing 
food waste along the FSC. Current literature is focused on the quantification of resources 
embodied in food waste, which provides information on the magnitude of the issue, but does 
not allow us to infer possible economic or environmental impacts of a reduction in food waste. 
Because of this, it is not clear that a reduction in food waste would necessarily deliver a 
reduction in the environmental burden of food production. 
With several public campaigns advocating for a reduction in food waste as a vehicle to reduce 
environmental burden of food provision (NSW Environment Protection Authority, 2016; 
Victoria State Government, 2016; WRAP, 2016), it is important to provide an analysis of the 




Lack of data on socio-economic consequences of food waste in studies evaluating 
environmental consequences.  
Addressed in Objective 1 in Chapter 3. 
Gap: 
Estimations of environmental outcomes of food waste interventions along the food 
supply chain are missing. 
Addressed with Objective 3 in Chapter 6. 
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Table 1: Available studies quantifying environmental consequences of food waste at a regional (or country) scale. They are classified in to whether they provide an analysis of socio-economic 
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Food waste type 
Salemdeeb et al. (2017) UK                    Exiobase V2 Not needed All 
Monier et al. (2010) Europe                     Various 
 
 All 
Ridoutt et al. (2010) Australia                     CropWat (FAO)   All 
Chapagain and James (2011) UK                    Water: Chapagain and Hoekstra (2004) 
GHG: Various 
  Avoidable and Possible  
Grizzetti et al. (2013) Global                     Nielsen et al 2003 and Leach et al 2012   Avoidable 
Heller and Keoleian (2015) USA                     Various   All 
Katajajuuri et al. (2014) Finland                    Various   Avoid 
Venkat (2011) USA           
 
        CarbonScopeDataTM   All 
Scherhaufer (2015) Europe            Various   All 
Vanham et al. (2015) Europe                    Water: Mekonnen and 
Hoekstra (2011) 
Nitrogen: Leip et al. (2014) 
  Avoidable 
Martinez-Sanchez et al. 
(2016) 
Denmark                V Various   All 
Hall et al. (2009) USA                    Water: Postel (1996) 
Energy: Horrigan (2002) 
  All 
Cuellar and Webber (2010) USA                     Various   All 
Kummu et al. (2012) Global                   Water: Mekonnen and Hoekstra (2011) 
crop and fertiliser from FAO 
  All 
FAO FAO (2014a) Global                B Various   All 
Liu et al. (2013) China                    Water: Hoekstra and Chapagain (2007)   All 
Reynolds et al. (2015) Australia                  Water: FAO 
GHG: Edgar database 
  Avoidable 
Reynolds et al. (2016) New 
Zealand 
                 Water: FAO 
GHG: Edgar database 
 
 All 
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Furthermore, it is also important to provide context to such campaigns in the sense of evaluating their 
possible environmental outcomes in contrast with other measures also advertised, such as food miles 
reduction, dietary changes or the use of packaging (to name a few). 
 
Third, in regards to the methods used for environmental evaluation of food waste, there has been little  
analysis of the strengths and weaknesses of the different methods used. Of the studies presented in 
Table 1, ten utilised a process based life cycle assessment (LCA) as their main methodology, seven 
used a top-down method and only one utilised an hybrid approach. A description of these methods is 
available in Chapter 3. 
Within the studies that employed a top-down approach, there is a diverse range of methods used. For 
example, Reynolds (2015 and 2016) used an environmentally-extended input-output (EEIO) analysis, 
while Kummu (2012) and Cuellar (2010) estimated the environmental burden of food waste as a 
fraction of the total of food production. 
Scherhaufer et al. (2015) compare results obtained using a top-down and a bottom up approach, 
providing a discussion on the strength and weaknesses of the method employed. They found 
significant data gaps in order to accurately measure environmental consequences of food waste. 
In regards to estimate socio-economic and environmental implications it is possible to incorporate 
environmental indicators to any kind of LCA, but, there has been no discussion on which is the most 
appropriate method to do so in the context of food waste. 
 Another shortcoming of the published work that evaluates more than one indicator is that there is no 
consistent use of metrics within and across studies. For example, the FAO (2013b) study, which 
evaluated four environmental indicators (GHG, water use, land and biodiversity) and the cost of food 
waste, used a combined semi-quantitative/qualitative approach to estimate biodiversity and a LCA 
approach for all the other indicators. However, for GHG emissions, it includes the whole FSC impacts 
(considering end of life) but the cost of food waste is evaluated at producer’s prices, accounting only 
for the agricultural production phase.  
Gap: 
Lack of context of environmental significance of food waste reduction compared with 
other possible measures.  
Addressed with Objective 3 in Chapter 6. 
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Fourth, the literature shows a strong emphasis on GHG emissions and water use as environmental 
indicators, but environmental databases used are from various sources and have different scopes and 
accounting methods. This means that for a certain indicator, a large range of values related to the 
environmental significance of food waste is observed. For example, for GHG emissions, most studies 
compiled their own values from the literature, generating a great variation over results between 
studies. For instance, Martinez-Sanchez (2016) estimated that 1.2 kg CO2-e was produced per Kg of 
food wasted, FAO (2013b) estimated 2.0 of CO2-e per Kg of food wasted, while Chapagain and 
James (2011) estimated the figure at 3.8 of CO2-e per Kg of food wasted. 
The accounting of water resources embodied in food waste presents further challenges due to the 
ongoing discussion on “water use” definitions. Water use can be accounted as: (i) the water supplied 
through water infrastructure, and/or (ii) the water extracted by the plants from the soil, that was 
available through rainfall or ground water, and/or (iii) the water needed to dilute contaminated waters. 
Further to these definitions, some researchers argue that the availability of water in different regions 
needs to be considered. With these multiple possibilities to account for water use, it is no wonder that 
results on water embodied in food waste vary greatly. For example, FAO (2013b) estimates that 156 
m3 of water/tonne are embodied in food waste, while Chapagain and James (2011) estimates almost 
five times more, with 746 m3 of water/tonne. 
 
Finally, the method used to estimate food waste at a country level differs from study to study, which 
could greatly influence the results. As different food types have different environmental impacts, 
differences in the estimation of food waste composition would deliver important variances in the 
overall estimation of environmental burden associated with it. For example, meat products have an 
average of 25 kg CO2-e per kg of product and dairy products 8 kg CO2-e, while vegetables and fruit 
Gap: 
Lack of critique of methods used for analysis of environmental consequences of food 
waste at a regional scale.  
Addressed with Objective 1 in Chapter 3. 
Gap: 
Lack of consistent environmental database, with clearly defined system boundaries, to 
estimate environmental burden of food waste at a regional scale. 
Addressed with Objective 1 in Chapter 4. 
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only about of 0.5 kg CO2-e (Clune et al., 2017). This means that studies estimating a bigger portion 
of meat as part of its food waste would have a significantly bigger estimation of GHG emissions. 
Twelve studies used a top-down approach to estimate a regions’ food waste, though there are diverse 
types of methods to do so. For example, FAO (2013b) estimated food waste as a fraction of total 
available food, and Reynolds et al. (2016) as a fraction of total available waste. There has been an 
important reliance on the top-down Gustavsson method (further explained in Chapter 5), but little 
attention is given to the warnings in the study about the quality of the data used, and that the numbers 
obtained should be used only to highlight the magnitude of the problem.  
Bottom-up approaches to estimating a region’s food waste has also been used, where authors 
extrapolate food waste values from a small sample to a country using different proxies (Chapagain 
and James, 2011; Katajajuuri et al., 2014; Martinez-Sanchez et al., 2016). Results obtained using this 
method would depend on the sample error and on the proxy used.  
Regarding methods available to characterise food waste at a country level, there has been no 




2.3. Key findings of the review and how they link to the thesis Objectives 
The knowledge gaps identified in this review constitute the basis for the definition of this thesis 
research questions and Objectives. Table 2 provides a summary of research Objectives, research 
questions and knowledge gaps here identified. 
  
Gap: 
No analysis of food waste characterisation methods to understand the significance of 
methodological selections. 
Addressed with Objective 2 in Chapter 5. 
The environmental burden of food waste    15 
Beatriz Reutter Susaeta – PhD thesis 
 
Table 2: Thesis Objectives, research questions, and their link to the knowledge gaps identified. 
Research Question Knowledge gap identified Addressed 
in Chapter 
First Objective: Develop a robust methodology to account for the environmental burdens of food 
waste at a country level 
1) What analytical scope is needed for 
analysing consequences of food waste?  
Lack of data on socio-economic 
consequences of food waste in studies 
evaluating environmental consequences.  
3 
2) What are the appropriate analytical 
frameworks? 
Lack of critique of methods used for 
analysis of environmental consequences 
of food waste at a regional scale.  
3 
3) Is available data enough to account for 
the environmental burdens of food waste 
at a country level, and how can it be 
improved? 
 
Lack of consistent environmental 
database, with clearly defined system 
boundaries, to estimate environmental 
burden of food waste at a regional scale. 
4 
Second Objective: To understand the strengths and limitations of methods to characterise food 
waste at a country level 
4) How do existing methods for food 
waste characterisation at a regional scale 
perform when compared to each other? 
No analysis of food waste 
characterisation methods to understand 
the significance of methodological 
selections. 
5 
5) What are the characteristics that an 
ideal framework should have to estimate 
food waste at a regional scale?  
5 
Third Objective To assess the environmental implications of an alternative food supply 
chain, that aims to reduce food waste 
 
 
6) How does food waste affect the 
environmental impacts of food 
provision?  
Lack of context of environmental 
significance of food waste reduction 
compared with other possible measures. 
3 and 6 
7) Does an alternative food network 
reduce horticultural products’ food waste 
compared with a conventional food 
supply chain? 
Estimations of environmental outcomes 
of food waste interventions along the 
food supply chain are missing.  
 
6 
8) Does this have environmental benefits 
or downsides?  
6 
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3. Food waste consequences: Environmentally extended input-output as a 
framework for analysis 
 
This Chapter, which is composed of a published paper, addresses the first thesis Objective: 
First Objective: Develop a robust methodology to account for the environmental burdens of food 
waste at a country level 
 
The following text is based on the published paper: 
Reutter, B., Lant, P., Reynolds, C., Lane, J., 2017. Food waste consequences: Environmentally 
extended input-output as a framework for analysis. Journal of Cleaner Production 153, 506-514. 
 
Abstract 
This work presents a critique of the environmentally-extended input-output (EeIO) methodology for 
analysing the environmental and socio-economic impacts of food systems in order to address food 
waste problems. We applied EeIO analysis to estimate environmental and economic factors embodied 
in Australian food waste. The scope of the study does not include the impacts of food use nor end-of-
life waste treatment. The impact of imported food was considered the same as Australian produced 
food. Results indicate that Australian food waste represents 9% of total water use, 6% of GHG 
emissions, 1% of surplus and 1% of compensation to employees. The analysis shows that the method 
is adequate to analyse environmental and socio-economic aspects of food waste. The main benefits 
of EeIO are that it provides inclusive information of all actors in the food supply chain, includes all 
products available, enables analysis of environmental and economic indicators together, and provides 
a consistent framework for analysis, consistently defining system boundaries. Through the exercise 
we identify key aspects to consider when analysing food waste consequences. 
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3.1. Introduction 
The aim of this study is to critique the environmentally-extended input-output (EeIO) methodology 
for analysing environmental and socio-economic impacts of food systems in order to address food 
waste problems. In doing so, we applied EeIO analysis to estimate environmental and economic 
factors embodied in Australian food waste.  
Considering that globally 30% of the food produced is wasted (Gustavsson et al., 2011) and that food 
production is one of the major activities causing environmental damage (Rockström et al., 2009), 
current literature seems to be in consensus that a reduction of food waste will produce environmental 
benefits (Chapagain and James, 2011; Gustavsson et al., 2011; Kummu et al., 2012; Liu et al., 2013; 
Reay et al., 2012). Furthermore, it is not only in academia that a reduction of food waste is believed 
to deliver positive environmental outcomes, as the topic is gaining a high public profile in policy 
briefings, associated media campaigns and social movements (see for example www.wrap.org.uk, 
www.eu-fusions.org and http://www.refed.com/). 
However, there has been little research into whether there is a causative link between reducing food 
waste and harvesting positive environmental outcomes (FAO, 2014a). Until now, research has 
focused on quantifying resources embodied in food waste (Mourad, 2016), which provides 
information on the magnitude of the issue, but does not enable inference of possible economic 
scenarios of food waste reduction, nor the associated environmental consequences (Rutten, 2013). 
From an economic perspective, a reduction of food waste will result in winners but also losers, and 
perhaps more importantly this raises the question of whether a reduction of food waste would result 
in beneficial impacts (Parry et al., 2015; Rutten, 2013). A reduction of food waste will generate trade-
offs inherent to any reduction in food production, in which the prospect of improved environmental 
outcomes could trade off against the prospect of loss of regional economic activity and welfare. The 
food supply chain and the economic system reacts nonlinearly to supply and demand changes, and 
the effect of a reduction in food waste needs to be studied further in order to understand its wider 
impacts. Outcomes of food waste reduction are highly dependent on quantities of product avoided to 
be wasted, the stage in the supply chain where the savings are created, and to what cost the savings 
are being achieved (FAO, 2014b; Rutten, 2013). 
In order to understand the environmental and socio-economic consequences of food waste, it is 
necessary to account for all the inputs of food production, and the inputs that are utilised to produce 
those first inputs, and so on until every contribution has been accounted for. This approach is 
commonly referred as life cycle assessment (LCA), and intends to capture all the resources used 
through the ‘life cycle’ of a product (Horne et al.).  LCA studies usually consider environmental 
resources, but the technique can be adapted to study any type of resource or emission. 
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There are broadly two methods to perform LCA: process LCA and input-output (IO) LCA. Their 
weaknesses and strengths are broadly explained below and presented in Table 3. There are also hybrid  
LCA methods which are a mixture of process analysis and EeIO (Suh and Huppes, 2005).  
Process LCA studies the inputs of a specific product or process by directly gathering the data from 
producers. This generates a highly detailed and specific set of data, which is one of its strengths. It 
also means that researchers need to set a boundary for the analysis. This inevitably excludes some 
processes, and also results in studies that have different system boundaries, which produces 
inconsistency between studies and makes it difficult for comparison and benchmarking (Finnveden 
et al., 2009). 
Information obtained by process LCA is often stored in databases. This information is then used to 
produce whole-region or global studies on food production impact. By doing so, the assumption that 
the processes under study are similar to the one studied to generate the database is taken, which could 
lead to errors. Agricultural activity has been reported to have diversity of practices and the resources 
utilised in the production of the same commodity varies widely between farmers (Horne et al.), 
making it difficult to reliably extrapolate results.  
In contrast, IO analysis is a top-down technique that uses financial data arranged in input-output 
tables. IO was developed by Wassily Leontief in the 1930s (Leontief, 1970; Leontief, 1966), and is 
now an established method of expressing economic data, being part of the United Nations’ system of 
national accounts (1999b). To perform environmental analysis (EeIO), input-output tables are 
extended by the addition of rows which reflect the environmental exchanges (e.g. the use of resources 
or emissions of pollutants) of each corresponding economic sector. It allows the evaluation of 
relationships between economic activities and environmental resource utilized, or consequentially 
emitted, because the analysis relies on financial data. Analysis from EeIO provides information on 
resources used (or emitted) by dollar spend in a certain sector, accounting for all supply chain 
emissions. Extensive literature can be found on IO analysis, its uses, advantages and disadvantages 
(see for example Kitzes, 2013; Miller and Blair, 2009; Murray and Wood, 2010)   .  
Input output analysis enables evaluation of environmental and socio-economic factors together, and 
is the stepping stone to nonlinear economic models which can serve as a tool to analyse market 
behaviour. Its major weakness is the level of detail at which the evaluation can be performed.  Because 
it relies on IO tables, it is restricted to their structure in terms of sectoral and spatial detail, which may 
be quite coarse. 
EeIO analysis has been used to account for water and energy use and GHG emissions for several 
countries, regions, and industries (see for example Carrazco el al., 2013; Ewing et al., 2012; Guan 
and Hubacek, 2008; Lenzen, 1998, 2009; Wood and Dey, 2009).  
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From the characteristics discussed above and presented in Table 3, and for the purpose of analysing 
the consequences of food waste, EeIO analysis has six major strengths when compared with process 
analysis: 
System boundaries: EeIO tables evaluate the environmental exchanges associated across the full life 
cycle of any product. This includes all supply chain effects avoiding the need for defining a boundary 
for analysis (Murray and Wood, 2010).  
Whole supply chain inclusion: Because food waste can occur at any stage of the food supply chain, 
and the food supply chain has various actors, the fact that EeIO is inclusive of all formal economic 
activity is positive for this research. 
Socio-economic indicators: because it is based upon economic data, the technique allows research on 
socio-economic indicators without significant extra effort.  
Final demand data: The technique implicitly includes data on final demand food purchased, thus 
allowing us to understand the final destination of a product (e.g. internal consumption versus exports) 
and contrasting food waste values of households against total purchased. 
Effort to obtain results: IO provides results for all products in a certain region. In contrast, the effort 
to obtain the same information for process analysis would be really time consuming.  
Consistency: Policy makers need to be able to evaluate the effect of different actions under a 
consistent framework. Due to the fact that EeIO is an established technique and that system 
boundaries and inclusions are well defined, it provides a consistent framework for policy makers. 
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Criteria Process Analysis EeIO 
Base information 
Specific material flow analysis for each 
item under study. 
Economic data for the whole territory 
under study. 
General use 
Detailed description of a product/process 
life cycle. 
Whole sector or industry footprint. 




Highly detailed information for a specific 
product and process, intuitive for experts, 
reveals useful process information. 
Includes all products and processes 
that are part of the economic activity, 
once established quick to use and 
includes economic and environmental 
data. 
Weaknesses 
High compilation effort, possible important 
contributors left out of the analysis, usually 
important data gaps so plenty of 
assumptions. 
Depends on economic agencies 
capacity to produce IO tables, 



















Limited to system boundary selected by 
each study. 
Inclusive, considering all 
contributors. 
Consistency of supply 
chain coverage 
between studies 
Inconsistent, depends on each study. 
Consistent, is the same coverage for 
every study. 
Data quality 
High quality data when obtaining data from 
source. Medium quality when using data 
bases. 
Generally coarse, as sectors/products 
are highly aggregated. 
Range of 
products/activities 
Limited to the products studied. 
Include all products/services part of 
the economic activity. 
Indicators included Usually only environmental factors. 
Environmental and socio-economic 
factors. 
Interregional analysis Limited due to data compilation effort. 
Possible - several global databases 
available. 
Effort to obtain 
results once database 
is established 
High - researchers need to understand 
system boundaries and production 
techniques included. 
Low - method is well established. 
Final demand data Not present Present 
 
The scope of this study includes resources utilised up to the point of consumption (consumer 
purchase). That is, resources utilised to grow, handle, store and manipulate in any way food along the 
food supply chain are accounted for until the point in which food is bought by the final consumer. 
Impacts of cooking or treating food waste are outside of the scope of this study. 
For this study, we have adopted the Gustavsson et al. (2011) definition of food waste, which 
considered food waste as any product intended for human consumption that for any reason was not 
eaten. Taking into account food waste data available, food waste for this study includes waste 
generated at all levels of the economy, including at the consumer level. This excludes any product 
that was left in the field, because this is not formally considered part of the economic activity and 
feed. We are using the term food waste to describe waste from all stages of the food supply chain. 
The Waste Resources Action Programme (WRAP, 2009b) classifies food wasted into three 
categories: avoidable, unavoidable and possibly avoidable.  Avoidable food waste refers to food that 
Table 3: Main characteristics of process and environmentally extended input-output analysis, with emphasis on 
their features to perform food system analysis. 
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at some stage can be eaten.  Unavoidable food waste is waste that was never intended to be eaten (e.g. 
tea bags, banana peels, chicken bones).  Possible avoidable food waste refers to food that in some 
cases can be eaten, depending on food preparation and culture (e.g. potato peels, animal intestines). 
To determine the potential of food waste reduction, and its effects, this classification has to be taken 
into consideration.  
There is limited published information about environmental resources and impacts embodied in food 
waste. Table 4 summarises available studies on the subject. Most analyses have used process LCA to 
quantify environmental resources embodied in food waste, and the products and stages in the food 
supply chain to be considered as producing food waste are diverse. For example, three studies 
considered food waste produced only at retail, services and consumer level and three considered all 
sectors to produce food waste. Food types included also varied, with plant based food being included 
in all studies. Disaggregation of results also fluctuates between studies, from presenting only one 
disaggregation to 100. In terms of environmental data base used, for GHG emissions all studies but 
Reynolds et al. (2015) had to obtain their data through various sources from the literature. In contrast, 
for water use, most studies used the same data source, though, they adopted different water 
definitions1. This disparity in the methods utilised provides significant challenges for comparing 
results and benchmarking studies. 
Reynolds et al. (2015) is the only study to use EeIO to obtain results on environmental issues around 
food waste.  That work used EeIO to investigate the environmental impacts of ‘rescue food’ (food 
directed to charities instead of going to waste).  In this work we aim to extend that study by critiquing 
the EeIO method for analysing food waste consequences, as well as presenting the first ever 
evaluation of the socio-economic and environmental consequences of Australian food waste.  
                                                                
1 Water footprint organization defines three types of water: 1) blue - fresh surface and groundwater, 2) green - rain water stored in the 
soils and utilised by plants and 3) grey - amount of fresh water needed to dilute contaminated water. It also defines crop water as the 
amount of water (blue and/or green) that a crop needs to develop. 
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al. (2015) EeIO 
Water (do not indicate water definition): FAO  
GHG: Edgar database 
Processed with EORA input output tables 
Collected by the 
researchers All (1) 
Manufacturing & 
service sector, 
only ‘rescue food’ 






Water (blue and green water): Chapagain and Hoekstra (2004) 
GHG: various sources 
WRAP (Quested & 
Johnson 2009) All (41) Household (1) 
Avoidable & 
possible 




Water (blue): Water Footprint Network (Mekonnen and Hoekstra (2011) 
GHG: literature review 
Land: ProdSTAT (FAOSTAT production data) 
Non-agricultural phases were not accounted 
Gustavson et al. 
(2011) 
All but sugars, tree 
nuts & animal fats 





Water (blue): Mekonnen and Hoekstra (2011) 
Land: FAOSTAT 
Fertilizer: ResourceSTAT (FAO 2011) 
Gustavson et al. 
(2011) Plant base food (4) All (5) All (1) 
Global (doesn’t state 
number) x     x x   




Water (blue and green): Liu (2007) 
Land: Not stated 
Generated by 
literature review Plant base food (5) All (5) All (1) China (1) x       x   




Water (Blue, green, grey): Calculated using CropWat and USDA soil 
conservation Service method 
Collected by the 
researchers Mango (1) 
Distribution, retail 
& consumption 





Water (blue and green): Water Footprint Network (Mekonnen and 
Hoekstra (2011) 
Nitrogen:  Leip et al (2014) 
Calculated in the 
paper All (17) All (1) Avoidable (1) European Union  (1) x   N   
Scholz  et al. 
(2015) 
Process 
analysis GHG: various sources 
Collected by the 
researchers 
Perishable products 






GHG: Generated from various sources. U.S.-based data are limited, and 
thus this meta-analysis includes data from other developed countries LAFA (2010) All (100) 
Retail & 
consumer (2) All (2) USA (1)   x         
Katajajuuri 
et al. (2014) 
Process 
analysis GHG: Generated from various sources 
Collected by the 
researchers All (8) 
Food providers, 
retail & 





analysis Energy: Generated from various sources USDA All (17) 
Retail, service & 





Nitrogen: LCA Food Database (Nielsen et al 2003), assumes same 
indicators per group of products 
Gustavson et al. 
(2011) 
All but sugars, tree 
nuts & animal fats 
(11) Consumption (1) All (1) European Union  (1)       N     
This work EeIO 
Water (blue and green water): FAO 
GHG: Edgar 
Processed with EORA input output tables Reynolds (2013) 
All but fish, seafood 
& bakery (34) All (2) All (1) Australia (1) x x       x 
Table 4: Available studies on the quantification of resources embodied in food waste and their primary method, scope and impacts assessed. Numbers in parenthesis and italic provides 
information on disaggregation of results for the specified category. The last row indicates the scope of this study. 
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3.2. Methodology 
EeIO analysis was tested as a valid approach to analyse the environmental and socio-economic 
impacts of food production and food waste by utilizing EORA (Lenzen et al., 2012; Lenzen et al., 
2013) as a source of IO data. Standard EeIO tools to perform IO LCA were applied. Figure 1 provides 
a schematic representation of the method, identifying the key data sources. Table 4 shows how this 
research methodology compares with published methods. The environmental factors studied were 
water use and greenhouse gas (GHG) emissions.  The socio-economic factors were the net surplus 
and compensation to employees. The analysis is undertaken for Australia as a whole. 
Water use and GHG emissions have been chosen as environmental indicators because they are a high 
priority concern for the food industry (Lenzen, 2002; Page et al., 2012),  they are the most widely 
used environmental indicators both in scientific and non-scientific contexts (Lenzen, 2002), and they 
are part of the chosen model.  
Net surplus and compensation to employees have been chosen because they are widely used and 
included in the model.  As defined by the European Commission (2009) “Net surplus measures the 
surplus or deficit accruing from production before taking account of any interest, rent or similar 
charges…”. Compensation to employees is defined as “total remuneration, in cash or in kind, payable 
by an enterprise to an employee in return for work done by the latter during the accounting period” 
(1999b). Even though compensation to employees is measured in economic terms it is considered a 
social indicator (Foran et al., 2005). 
Australian final demand is defined as purchases that lead to non-economic activities; this includes 
household consumption, government final consumption and not-for-profit organizations. Imported 
foods are considered to have the same embodied resources as Australian produced food. Food 
produced for export is considered in the analysis. However, the impact of waste generated from the 
consumption of that food is not considered, because it is wasted outside of Australia (i.e. the food 
waste generated of Australian grown food consumed out of Australia is not included).  
For presentation of results, industries were grouped by industry type. The classifications can be found 
in Appendix A. 
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 Data Sources 
  EeIO data 
The EORA database was the chosen IO table because of its completeness (incorporating economic 
and environmental indicators) and accessibility (Lenzen et al., 2012; Lenzen et al., 2013). This 
database comprises a balanced world IO table and includes specific IO tables for several countries, 
including Australia. It complements the economic data with several environmental indicators such as 
water and GHG emissions. Financial data to construct EORA has been taken from several sources 
such as the UN System of National Accounts, Eurostat and country level IO tables. Information on 
EORA data base, its data source and its compilation process is available from Lenzen et al., (2012), 
Lenzen et al., (2013) and at http://worldmrio.com/.  For Australia, the economic information is 
presented in a symmetrical supply use format and presents 345 products/sectors and one region for 
the whole of Australia. The main dataset used in this research was “main v199.74”. All data is for the 
year 2000. This is due to data availability.  
Water factors are available in EORA version “Virtal water 600.61”. We selected “total water” as the 
indicator. This comprised ‘crop water and blue water use’, which includes superficial and ground 
water use by any economic activity and water available to plants through soil moisture by 
precipitation. The original source of water data is FAO's AQUASTAT database.  
GHG emissions data utilised is total (including land use, land-use change and forestry sector) and is 
provided in CO2-e. The original source of GHG emissions is the “Emission Database for Global 
Atmospheric Research (EDGAR)”. 
Figure 1: Representation of the methodology used for estimating food waste cost and embodied water 
consumption, GHG emissions, surplus and compensation to employees (CoE). White boxes represent data 
sources and the grey squares represent results. 
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  Food waste data 
Food waste data was sourced from Reynolds (2013).  This data set includes food waste that has been 
disposed of via formal solid waste disposal routes (e.g. no backyard composting, feeding to animals, 
food rescue or sewer disposal). The data source includes avoidable and unavoidable food waste, but 
does not make distinction between them. Because of the data source inconsistencies, the categories 
of fish, seafood and bakery food were excluded from this analysis. Appendix A provides the list of 
food waste types used and their grouping used for presentation purposes.  
 Method 
 EeIO multipliers 
Multipliers were obtained utilising the Leontief inverse:  
m = q # L 
where m is the multiplier, q represents the factors intensity and L the Leontief inverse (# represents 
element wise multiplication). Further explanation of this method can be found elsewhere (Miller and 
Blair, 2009). 
 Quantifying the cost of food waste 
The weight of food waste by type (W𝑖), was multiplied by the price per weight of the associated food 
type (𝐹𝑖) to obtain the value of food waste ( 𝐾𝑖 =  𝑊𝑖 ∗ 𝐹𝑖). The gross production value of food 
products was divided by the weight produced to find a price per weight. Gross production values 
(constant price 2004-2006) and production quantities were mainly sourced from the FAOSTAT 
database (Food and Agriculture Organization of the United Nations, 2014), but we also use Australian 
Government and industry reports (ABARES, 2012, 2011; DAFF, 2010).  Australian prices were 
converted to US$ using the calendar year average exchange rate for 2008-9 of $0.8769 (West pac, 
2013). 
 Quantifying the embodied resources of Australian food and food waste 
The water, greenhouse gas, net surplus and compensation to employees embedded in food and food 
waste (Pwater 𝑖, PGHG 𝑖, PSur 𝑖 and PCoE 𝑖) were obtained by multiplying the value of food (𝑘i) and food 
waste (Ki) by the total impacts per dollar of product (m water  i , mGHG i , mSur i, 𝑚CoE i)  (e.g. 
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3.3. Results and discussion 
 Value of Australian food waste 
We found that in 2008, Australia wasted AU$ 5.7 billion worth of food. This figure is comprised of 
Australian final demand wasting AU$ 3.1 billion of food, while the food processing industry wasted 
a further AU$ 2.6 billion. Baker (2009), through an online survey with 1,603 respondents, has 
estimated the value of Australian household food waste at AU$ 5.2 billion. Though similar, both 
figures cannot be directly compared because our account does not consider fish, sea food or bakery 
products, which are expensive food items. Also because of the nature of the survey, the value reported 
by Baker (2009) is likely to be the value of only avoidable food waste. There is no equivalent national 
estimate of the cost of Australian industrial food waste published. 
 Food system and food waste contribution to Australian footprints  
Figure 2 summarises the food system contribution to the Australian footprints for the four 
environmental and socio-economic categories studied, namely water used, GHG emissions, surplus 
and compensation to employees. For the economy as a whole, the significance of resources used or 
consequentially emitted to produce food varies considerably between indicators. Overall, it can be 
seen that water used and GHG emissions embodied in food production are more significant than the 
socio-economic factors studied. For example, for water, 61.2% of total Australian use is for food 
production. By contrast, only 4.3% of total compensation to employees is related to the food supply 
chain. 
Following the same trend as for total resources embodied in food, water and GHG emissions in food 
waste are more significant for the economy as a whole than surplus and compensation to employees. 
Water embodied in food waste was calculated to be 8,980 GL, which represents 9.1% of total water 
use in Australia, with final consumers being responsible for wasting 53% of it. This is comparable 
with Liu et al. (2013), who showed that 14% of China’s water footprint is embodied in food waste 
(these estimates include only plant based food). Our results are also comparable with the findings of 
Chapagain and James (2011), who calculated that 6% of the UK water footprint is embodied in 
household food waste. Though this number is not directly comparable as they accounted only for 
avoidable and possible avoidable food waste. Other available studies on food waste water footprint 
are difficult to compare as they account for only blue water, or their inclusions are too dissimilar. 
GHG emissions embodied in food waste were estimated to be 57,507 Gg CO2-e, which represent 6% 
of total Australian GHG emissions. GHG emitted because of food waste produced by final demand 
represents 2.8% of total GHG emissions of Australia. This finding compares well with findings for 
the UK, in which 3% of total GHG emissions were emitted to produce household avoidable and 
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possible avoidable food waste (Chapagain and James, 2011), Finland where 1% of their total 
emissions were emitted because of  avoidable food waste generated along the food supply chain 
(including consumers) (Katajajuuri et al., 2014), and the USA in which 2% of their total GHG 
emissions are attributed to  distribution, retail and consumption food waste (Heller and Keoleian, 
2015). As stated in Table 2, the methodologies for these studies differ with the present study in their 
accounting for GHG emissions. They all performed process LCA, which potentially leaves significant 
GHG emissions sources unaccounted. 
The total surplus embodied in Australian food waste was AUS$ 1.2 billion and total compensation to 
employees  AUS$ 2.0 billion, which for both indicators represents approximately 1% of the total. 
Because of the lack of research in this field, there is no published information to compare with these 
results. 
EeIO not only provides insight on resources utilized to produce food, and embodied in food waste, 
but also indicates the destinations of such products, providing information on final demand. For 
example, 39.2% of water use in the Australian economy is embodied in exported food products. This 
methodology thus allows us to understand the socio-economic significance, and to incorporate post-
consumer information into the analysis.  
 Food supply chain contribution to impact footprints 
Environmental and economic factors influence the food footprints at different stages of the food 
supply chain (Figure 3). Most water use and GHG emissions (71% and 79%) are incorporated at the 
farm level. Food industry contributes 27% of the total water footprint for food, while for GHG 
emissions, the service and meal providers contribute 20% of the total. Most of the contributions of 
surplus and compensation to employees to the food footprint occur at the later stages of the supply 
chain, by the service and meal providers (49% and 73%). Agricultural activity makes little 
contribution to the total compensation to employees embodied in food, but it contributes more 
significantly in terms of surplus generation. 
EeIO enables us to analyse the whole food supply chain, presenting results that are not limited by any 
system boundaries. It also enables differentiation of the stages of the food supply chain, which allows 
to further investigate the consequences of reducing food waste at the different stages. For example, 
for water use, a reduction in food waste at the farm level will have almost the same effects as at the 
consumer level, because most of the water footprint of food is incorporated at the farm level. In 
contrast, a reduction of food waste at the consumer level will have a bigger effect on compensation 
to employees than if that food waste is reduced at the farm level. Overall, this analysis shows that the 
consequences of reducing food waste at the different stages of the food supply chain will have varying 
effects over the four impact categories, and EeIO helps to understand the trade-off’s that will occur.  
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 Food waste footprint by category 
Figure 4 presents the relative contributions of the different product categories to the total food waste 
footprint. It can be clearly seen that the relative contribution of each food waste category to the total 
food waste footprint varies across the impact categories. For example, meat waste has a greater 
influence over GHG emissions (49%) than fresh water footprint (25%). The opposite is true for dairy 
and eggs (8% of GHG emissions and 30% of water). Compensation to employees and the cost of food 
waste are strongly related, with every food category representing a similar fraction. These results 
illustrate that food waste reduction will have different effects on the four categories studied, 
depending on the food product wasted. It is thus important to consider the separate food types when 
analysing the issue of food waste. 
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Figure 2: Water, surplus and compensation to employees embodied in, and GHG emitted because, food 
production, food waste and other activities. 
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 Figure 3: Use of resources in Australian food production, differentiating by food supply stage 
that resources are incorporated. 
Figure 4: Water, surplus and compensation to employees embodied in, and consequential emissions of, 
food waste together with cost and mass of Australian food waste by different food groups.  
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 Methodological improvements 
There are several methodological issues that need to be considered in order to improve future work. 
They are in regard to food waste data, valuation of food waste, scope of the assessment and EeIO data 
source.  
The food waste data used in this research only considers food wasted through municipal collections. 
That is, food disposed through the drain, composted or given to pets is not considered. Also, it does 
not consider food that is left in the field. As such, the dataset under-estimates Australian food waste 
production. The research has also not taken into consideration the avoidable and unavoidable 
classification of food waste. This classification is fundamental to better understand the potential 
benefits of reducing food waste. 
This study has assumed that all food waste generated in Australia was from food produced in 
Australia. This is not the case, as 8% of food available to Australian consumers is imported 
(Australian Government Department of Agriculture Fisheries and Forestry, 2009). However, this type 
of analysis provides a significant methodological challenge, because food products are often re-
exported from country to country, making the task of linking consumers with producers at an 
international level difficult (Chapagain and James, 2011).  
This work assumed that food waste is still valued at market value (i.e. has the same value as when 
purchased) and that food waste has the same composition as purchased products (e.g. wasted bananas 
are composed of a peel and pulp, and not only the peel). This is not always the case, and as such, our 
method is possibly overestimating food waste value. The problem could be reduced if we were able 
to account separately for avoidable and possibly avoidable food waste fractions. Unfortunately, such 
data is not currently available for Australia. 
This study only accounts for resources utilised (or emitted) up to the point of consumption (consumer 
purchase), with the environmental impacts of cooking food, or treating food waste (end of life) being 
outside the scope of the assessment. This is quite typical, but does have significant consequences. It 
is of particular relevance for GHG emissions estimation, which are likely to be significant for end use 
and disposal (FAO, 2013b).  
The EORA database provided a good basis from which to perform a preliminary analysis.  However, 
it has some significant shortcomings.  The EORA database provides data for Australia as a whole, 
and is unable to allow modified sector or product disaggregation, nor can regional level estimations 
be performed. Because Australia has significant climate variations, the agricultural production 
techniques vary widely, hence utilising a whole of Australia database reduces resolution and 
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accuracy. Because of this, it is recommended that future work is performed utilizing high detail and 
flexible EeIO tables, such as IElab (Lenzen et al., 2014). 
3.4. Conclusions  
In this paper we have made the case for using EeIO as an appropriate LCA framework to understand 
environmental and socio-economic footprints of food waste. 
Food waste embodied resources are significant, and today there are many claims that a reduction of 
food waste will produce positive environmental outcomes. We have provided evidence that to 
understand the consequences of food waste reduction, environmental impacts should be considered 
with socio-economic impacts, as there are trade-offs in the food supply chain, and depending on 
where food waste reduction occurs will have diverse impact for different actors.  
We have also suggested that such analysis needs to be inclusive, providing information disaggregated 
by food type and food supply chain stage. Our case study has shown that EeIO provides the required 
insight. 
To understand food waste consequences, EeIO provides advantages over other LCA methodologies. 
Besides the already mentioned inclusiveness of the method and the capacity to differentiate between 
food types and food supply chain stages, it also provides consumer information, enabling 
determination of the final destination of the product (import or export), and provides a defined 
framework for analysis which permits the comparison of results between studies. The definition of a 
fixed method is considered a fundamental characteristic for benchmarking studies. 
The results presented here, though useful to indicate the magnitude of the issue and relative 
importance of different productive factors, need to be refined to enable higher resolution for policy 
making. Food waste data could be refined, the scope of the study broadened, and the EeIO database 
used needs to enable better disaggregation. 
The question of whether a reduction in food waste will produce positive environmental benefits is yet 
to be answered. This paper opens the door, by providing a framework for analysis, to research further 
avenues of food waste consequences including identification of intervention points to reduce 
environmental impact by reducing food waste and the socio-economic consequences of food waste 
reduction.  
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4. Direct and indirect water use within the Australian economy 
This Chapter addressed the first thesis Objective:  
First Objective: Develop a robust methodology to account for the environmental burdens of food 
waste at a country level 
The work here presented has been published as: 
Reutter, B., Lant, P.A., Lane, J.L., 2018. Direct and indirect water use within the Australian economy. 
Water Policy wp2018055. doi: https://doi.org/10.2166/wp.2018.055. 
 
Abstract 
We present the first analysis of water use in the Australian economy to account for inter-state trade, 
exports and consumption patterns, across all economic sectors and incorporating a temporal analysis. 
This is achieved by using the environmentally extended input-output technique, combining state-level 
input-output and water accounts from the Australian Bureau of Statistics. Results show that the three 
big eastern economies (New South Wales, Victoria, Queensland) rely mostly on water used within 
their jurisdictions. Approximately one-third of water consumption is for exported commodities, with 
the biggest export flows of virtual water being associated with agricultural production. Comparing 
results across the years (2000–2011), the water consumption associated with the provision of goods 
and services has decreased by 32% for exports, and by 38% for domestic markets. To date in 
Australia, the focus for improved trans-boundary water management (within Australia) has been on 
improved mechanisms for sharing physical allocation of water; these results provide the trans-
boundary economic dependencies related to water availability. Recent innovations in the compilation 
of economic input-output models create an opportunity to progress this analysis, exploring in detail 
the economy–water interlinkages. It is our intention that the paper shows the value of analysing water 
flows using the multi-regional input-output techniques. 
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4.1. Introduction 
As the driest inhabited continent, with one of the highest levels of per capita agricultural production 
anywhere in the world, the Australian economy has a somewhat unique relationship with water. 
Australia’s water availability varies significantly between years, seasons and regions (Prosser, 2011), 
recently suffering from historic droughts and flooding in the first decade of the 21st century. Water 
is a fundamental pillar of the Australian economy, with one study estimating that drought in the year 
2002–03 caused a 1.6% reduction in national gross domestic product (Horridge et al., 2005).  
Despite Australia’s complex relationship with water use, we have only a fragmented understanding 
of how water dependence affects different sections of the economy. Water availability and 
agricultural production systems vary substantially across the country, meaning the flows of ‘virtual 
water’ embedded in inter-state trade will also likely be heterogeneous. Given that Australian states 
and territories manage their water independently, the potential exists for state economies to be 
dependent on the water policies of other jurisdictions.  
Quantifying the water footprint (WF) of a product, service or industry sector provides insight into the 
water dependence of all supply chains required to make that output possible. The measurement of 
virtual water and water footprints have been regarded as a tool to aid water policy development 
(Aldaya et al., 2010; Hoekstra and Mekonnen, 2012; Schyns and Hoekstra, 2014). 
WF values are most commonly estimated using process-based life cycle assessment (LCA), in which 
bottom-up mass-balance estimates of water use are generated for specific products (Chenoweth et al., 
2014). Because of the effort involved in generating such estimates, these tend to have fragmented 
coverage and are difficult to update. In Australia, high-quality process-based WF for Australian 
agricultural products are being compiled through the AusLCI database (AusLCA, 2017), although 
equivalent data is much less available for other industries.  
An alternative approach is to combine national water accounts with national economic accounts, 
using established input-output analytical techniques that translate water use by industry into the water 
footprint of products and services (Daniels et al., 2011). This top-down methodology inherently 
provides complete coverage of all economic sectors and is therefore useful for macro-scale LCA, 
such as in a comparison of entire industry sectors, or regions. The appeal of the input-output (IO) 
methodology is that it directly addresses the interaction between water usage and economic activity, 
allowing us to trace the flow of ‘virtual water’ through entire supply chains. 
The IO approach to water footprinting has great potential to provide valuable insight for policymakers 
and industry groups, but, unfortunately, such analysis in Australia is sparse and may lack currency, 
given the major climatic shifts that have occurred over the last 15 years. Lenzen and Foran (2001) 
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provide such analysis of 118 sectors at the whole-of-nation scale, showing that for the financial year 
1994–95 Australia used 30% of its water to provide Australians with food while 30% of water 
consumption was embodied in exported goods. The economy and its water usage have undergone 
substantial transformations since that time (Prosser, 2011). Lenzen (2009) provides updated analysis 
for Victoria using 2004–05 water use data, but the utility of this for other Australian states and 
territories is unclear. Both those studies rely on water usage data from before or during the severe 
droughts that affected most of the country during the first decade of the 2000s, and therefore can’t 
reflect the substantial improvements in water-use efficiency that were achieved by Australian 
business over that period.  
Two key developments in recent years provide a new opportunity to interrogate the water 
performance of the Australian economy. Firstly, the Australian Bureau of Statistics (ABS) now 
produces annual water accounts for all Australian economic sectors, at both national and state level 
(ABS, 2016). Secondly, the innovative IELab software is now available to produce contemporary, 
multi-regional IO tables for Australia, integrating a range of ABS and other economic datasets 
(Lenzen et al., 2014). While this has been used for a range of analyses, it has not yet been applied to 
water footprinting analysis in Australia. 
Combining those contemporary data sources, this paper presents the first analysis of water use in the 
Australian economy to account for inter-state trade, exports and consumption patterns, across all 
economic sectors and incorporating a time-series analysis. It is our intention that the paper shows the 
value of analysing water flows using the multi-regional input-output techniques, using Australia as 




This paper maps the flows of virtual water through the supply chains of the entire Australian 
economy, tracing inter-sectoral and inter-regional dependencies on water availability. This is 
achieved by combining state-level input-output (IO) tables with a complete set of state-level water 
accounts from the ABS (2013a), covering all eight of Australia’s states and territories. The IO 
methodology (described further below) essentially translates all direct water use by all Australian 
industries, into water footprints for all products and services generated, capturing both the direct and 
indirect (or ‘virtual water’) contributions to the WF for each economic output. 
We identified the virtual water flows of water physically utilised in Australia by all economic 
activities, regardless of where the final product was used. We also identified physical water used by 
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households. The exercise categorises whether the product is consumed within Australia or if it is 
exported, but does not identify the importing country. This paper concerns itself only with the 
relationship between local water supplies and the economy. Hence we do not estimate, nor account 
for, the WF of products that are imported into the country. 
Several discussions are available in the literature about the relevance of including a measure of water 
scarcity when performing water footprinting exercises in order to better understand the environmental 
significance of water extractions (Chenoweth et al., 2014). This paper does not contribute to this 
discussion, nor does it consider any water scarcity index in its account for water consumption. 
Results are generated for four years (2000–01; 2004–05; 2008–09; 2011–12) to consider the 
implications of water efficiency improvements through the first decade of the 2000s. The year 2011–
12 is the most recent year for which the ABS provides state-level data with a high level of sectoral 
detail, therefore this is the most contemporary year for which our analysis could be performed without 
losing accuracy. For more recent years, the ABS state-level accounts provide estimates with less 
disaggregation in the non-agricultural sectors of the economy. While national water accounts are 
available for earlier years, the ABS warns that the quality of those estimates prior to 2001 is lower 
(ABS, 2006). For simplicity, we would refer to the year 2000–01 as 2001, and so forth for all years 
analysed. Yearly accounting starts from July 1.  
 Defining the ‘water consumption’ measure 
The metric for water quantity used in this work matches the definition of ‘Water Consumption’ used 
in the ABS Water Accounts, whereby: 
Water consumption = (self-extracted use + mains water use + water reuse) – mains water supply – 
instream use 
The ‘self-extracted use’ (sourced directly from the environment) and ‘mains water use’ (supplied by 
another industry) include water sourced from groundwater, surface water bodies and desalinated 
seawater. The ‘water reuse’ term includes the use of wastewater, stormwater or drainage water that 
has been treated to some extent. The ‘water consumption’ definition excludes instream flows such as 
hydropower generation, cooling or fisheries (‘instream use’) and water supplied to other users (‘mains 
water supply’). The use of seawater directly by industries is not included in the ABS accounts. It is 
worth noticing that this definition of water use does not account for rainfall water used by agricultural 
production, and that the concept is applied consistently across all economic sectors and household 
water use. 
Subject to the data gap noted above, these estimates are equivalent to the overall consumptive water 
demand for each sector, regardless of where that water currently comes from. Therefore, the term 
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used does not reflect the total actual extractive use from freshwater sources, but rather the total 
demand on freshwater sources that would be required should there be no availability of desalinated 
or reuse water. We choose this metric for analysing water–economy interactions, as it is not affected 
by policy vagaries that dictate whether or not desalinated or reuse water is made available in any 
particular jurisdiction. 
The ABS Water Accounts include an estimate of losses from water utility distribution networks, most 
notably the evaporative or infiltration losses from irrigation distribution channels. Evaporative losses 
from in-stream or farm dams are not captured in the ABS estimates. Whereas the ABS accounts 
allocate their loss estimates to the ‘consumption’ of the water industry, in this paper those losses are 
prorated to all water users in proportion to their relative use of reticulated water. 
 
 Water footprinting methodology 
Monetary input-output (IO) tables provide a synthesis of industry inputs and outputs (in $ terms) for 
all sectors of the economy, and in doing so provide a map of supply chain transactions. IO tables are 
produced by statistical agencies in a manner that is consistent with their other national accounts. 
Multi-regional IO tables also include the extra dimension of inter-regional trade between industry 
sectors. 
IO tables can also be integrated with accounts of physical parameters, such as volumetric water 
consumption. To do this, an estimate for consumption (in ML) by each industry sector, in each region, 
is aligned with the economic sector classification of the monetary IO table. 
Standard mathematical techniques (Leontief’s equation) can then be used to trace the (effectively 
infinite) supply chains that are captured in IO tables (Leontief, 1966). For the provision of any 
particular good or service to consumers, aggregating all the upstream supply chains will provide an 
estimate of the total allocation of economic ($) or physical (ML) inputs to that particular good or 
service (Kitzes, 2013; Murray and Wood, 2010).  
An IO table coupled with water use data allows us to calculate the total WF of each good and service, 
capturing both the water used directly by the industry producing that output and also the water used 
(indirectly) at all points in the upstream supply chains servicing that industry. IO analysis can, 
therefore, be thought of as a methodology of life cycle assessment (LCA), one particularly suited to 
perform macro-scale analysis of whole regions, whole industry sectors or whole economies (UN, 
1999a). 
For this study, all physical water consumption accounts are aligned directly with the end user of the 
water, regardless of whether or not they extracted the water directly from the environment, or 
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purchased the water in an economic transaction. To then trace that virtual water through supply 
chains, the IO footprinting methodology assumes that the WF of any specific industry can be allocated 
across its customers on the basis of total sales (in $ terms) to each customer. 
 Data sources 
 IO tables 
The online IELab software (https://ielab-aus.info) was used to generate an Australian IO table for 
each year, identifying eight distinct regions (one for each Australian State and Territories). That 
compilation provides a higher spatial resolution and more comprehensive time series than the official 
ABS release of IO tables for years between 2001 and 2012 (ABS, 2013c). A description of the IELab 
methodology is provided by Lenzen et al. (2014). 
The IO tables used for this paper identify 43 sectors, more aggregated than the 109 sectors used for 
the official IO tables produced by the ABS (ABS, 2013c). This choice of sectoral classification is 
based on alignment with the resolution of the ABS water data, as the uncertainty introduced by 
disaggregating the water data into a higher number of sectors would be of little benefit for the analysis 
provided here. Appendix B provides details of parameters used to build the IO table. 
 Water consumption data 
The ABS release of state-level water accounts for 2012 (ABS, 2013a) contains information on water 
consumption for the entire economy and is considered the most complete and accurate water use 
estimate for the whole Australian economy for the years 2009 and 2012. The account identifies 31 
industry sectors. In this work we have disaggregated the 31 industry sectors identified into 43 sectors, 
to improve the estimates of virtual water embedded in inter-regional and export trade. This has been 
done using different data sources. Estimates for the water-intensive and highly traded crops of rice, 
cotton and sugarcane were separated out of the ‘Other Crop Growing’ data, prorated according to the 
relative scale of water use for each crop as estimated in other ABS estimates for the same year (ABS, 
2013b). A similar approach was used to separate a consumption estimate for grapevines out of the 
‘Fruit and tree nut growing’ data. This was because grapevines predominantly serve the wine sector, 
hence their supply chain and trade (inter-state and international) characteristics will be very different 
from other fruit and nut crops. Finally, the ‘Other industries’ data was split into a range of different 
service and non-service sectors, to distinguish better those activities related to food provision. The 
only available ABS data useful for this task is the state-level water accounts for 2000–01, taken from 
the updates provided with the 2004–05 release (ABS, 2006).  
To complete the picture of Australian Water Consumption, state-level estimates for direct water use 
by households are also taken from the ABS Water Accounts (ABS, 2013a).  
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The ABS Water Accounts were also used to provide state-level data for the years 2000–01 and 2004–
05 (both from ABS, 2006); they were disaggregated to the same set of 43 sectors. As the ABS sectoral 
classification varies between each release of the Water Accounts, each year required a different 
approach to translating the source data into water consumption estimates for the 43 sectors for the IO 
calculations. The 2000–01 water accounts have the highest level of sectoral detail, therefore requiring 
the least modification. The 2004–05 water accounts also provide complete data for the economy, but 
lack detail in the service sectors (as in the 2011–12 data) and also in the mining and manufacturing 
sectors. For more information on disaggregated sectors and data sources see Appendix B. 
 Allocation of distribution losses 
The ABS Water Accounts identifies water losses as water that enters the water system but does not 
reach the final user. Such losses could occur by leakage, seepage, evaporation from distribution 
systems, meter inaccuracies, or theft. In the ABS Water Accounts, all losses are allocated to the water 
supply sector. However, for this analysis where the focus is on understanding the water footprint of 
consumer products, we allocate losses to each industry in proportion to their total primary 
‘consumption’ of water. 
Data on distribution losses were taken from the state-wide ABS estimates for distribution networks 
from rural and urban water utilities (ABS, 2013a). The ‘rural’ estimates were allocated to agricultural 
and mining sectors, with the ‘urban’ estimates assigned to all other sectors plus household use. In 
both cases, the overall loss estimates were prorated across the relevant sectors in proportion to an 
estimate of that sector’s use of water distributed from utilities. For details see Appendix B. 
4.3. Results and discussion 
 The effect of inter-regional and export trade 
A clear distinction can be drawn between the regional economies, regarding their connection to, and 
therefore reliance on, water use in other jurisdictions (Figure 5, Table 5). Water dependency within, 
or between, states is mostly explained by water consumption for agricultural production. As food 
products are transported across state borders, so too is the virtual water associated with those products. 
The three big eastern economies, New South Wales (NSW), Victoria (Vic) and Queensland (Qld), 
rely mostly (~65%) on water used within their jurisdictions. Those states are big agricultural 
producers; most of their food consumption is sourced from regions within the same state. They are 
also significant exporters of food (inter-state and internationally), making other Australian states 
reliant on their production. 
All other State and Territory economies rely as much, or more, on water use outside their borders, as 
they do on consumption from streams which they manage directly. This suggests a degree of 
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vulnerability to external factors, such as climate variability or drought in other parts of the country, 
or water policy changes in other jurisdictions. The three smaller states, Western Australia (WA), 
South Australia (SA) and Tasmania (Tas), have a more limited range of agricultural output, hence are 
more reliant on the production of certain food in other regions. Approximately half of the water 
needed to underpin their state activities is extracted from catchments outside their boundaries. The 
Australian Capital Territory (ACT) and the Northern Territory (NT) have very little agriculture, 
therefore more than 75% of their regional water footprints is associated with water use in other states. 
Approximately one-third of water consumption in most jurisdictions is for exported commodities 
(Figure 5, Table 5); the biggest export flows of virtual water are associated with livestock and sugar 
from Queensland; grains and cotton from NSW; and dairy and sheep, beef cattle and grain from 
Victoria. Tasmania has a notably higher fraction (43%) of its domestic water associated with exports, 
which are composed of dairy farming and sheep, beef cattle and grain products. The ACT exports 
very little agricultural produce, hence the majority (88%) of consumptive water use within the ACT 
borders is for Australian domestic consumption. Very little of Australia’s water use is associated with 
the export of value-added products (Figure 6). Overall, for the years studied, between 24 and 30% of 
water consumed in Australia is embodied in exports (Figure 8). This opens the question of whether 
the environmental damage caused by water consumption is worth the socio-economic benefits (Foran 
and Poldy, 2002; Lenzen and Foran, 2001). 
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Figure 5: Australian states/territories’ direct and embodied water use. Interconnections between the region of water use (on the left-
hand side) and the distribution of ‘virtual water’ (on the right-hand side) in products either exported or consumed domestically for 
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Table 5: Inter-regional water dependencies, listing for each of the eight States and Territories for 2009: (a) the allocation of that 
region’s direct water use to the different flows of virtual water; and (b) the State of origin of the virtual water use per state. 
(a) Virtual destination of the region’s 
direct water use 
 (b) State of origin of virtual water use per state  


























NSW 41 25 34  NSW 67 – 11 10 12 
Vic 41 25 34  Vic 64 14 – 10 12 
Qld 42 26 32  Qld 66 13 10 – 11 
WA 34 27 38  WA 42 19 15 14 10 
SA 37 32 31  SA 55 15 12 11 8 
Tas 26 30 43  Tas 43 18 14 13 13 
ACT 36 51 13  ACT 16 26 19 18 20 
NT 23 42 35  NT 27 22 17 16 18 
 
 Sectoral dependencies 
Figure 6 provides a simplified representation of the complex web of virtual water dependencies 
through Australia’s supply chains. This illustrates the importance of the agriculture sector as a direct 
water user, and as the major contributor to the embodied water of Australian exports and final 
demand. 
The domestic water use needed to provide goods and services for Australian consumers is more than 
four times greater than its direct use from household taps (Figure 6). This provides perspective on the 
relative impact that efficiency measures at a household level could achieve. Efficiency measures for 
the household are not the only way that consumers can help reduce water stress in Australia. Since 
food provision contributes the majority of virtual water to Australian domestic consumption, a change 
in diet (Hadjikakou, 2017) or reduction of food waste (Reutter et al., 2017a) could be valid measures 
taken by consumers to reduce their water footprint. The water footprint of non-food goods and 
services of Australian consumers is similar in scale to direct residential use, suggesting that efficiency 
in these industries could also help to reduce water stress in Australia. 
Agriculture is the biggest direct water consumer, with half of that agricultural water use being for 
products that subsequently undergo some further processing by the food industry. This processing 
increases the economic value added by the food sector, thereby increasing the economic profitability 
of water use to grow those food products. One-quarter of the water used for agricultural products is 
‘virtually’ exported with products that undergo no further processing beyond the farm gate. 
The relatively small water flows associated with the energy supply and mining sectors, as shown in 
Figure 6, belie the critical nature of that water to Australia’s economy. As electricity generation 
underpins all economic activity, and mining is Australia’s biggest source of export income, the water 
used in these sectors is fundamental to maintain Australia’s prosperity. However, water consumption 
for these purposes is not exempt from controversy, as water consumption by the mining sector is 
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mostly used in arid or semi-arid regions where water scarcity is a problem and the environment is 
negatively affected (Prosser, 2011). 
Some of these sectors also demonstrate strong regional variation in the water intensity of their 
production, with the greatest variability being apparent in those agricultural sectors that also have the 
highest overall water demands (Figure 7 and Appendix B). This high variability in water intensity 
(ML/$-output) for the agricultural sector reflects a complex mix of regional heterogeneity in rainfall 
patterns, soil conditions and farming practices. For those export-oriented sectors, these results 
illustrate the importance of providing region-specific water intensity factors for LCA based product, 
sector and nation-level comparisons. In contrast, the water intensity factors for many tertiary 
industries, such as construction, education and other services, are both very much lower and differ 
little across the regions. 
To understand the true water demand of different products, the methodology used here may be biased 
towards those agricultural users most strongly associated with managed irrigation systems. The ABS 
data includes estimates of losses from such irrigation distribution systems, but not evaporative losses 
from on-farm dams nor evaporative losses from large water utility dams. Incorporating estimates for 
those loss flows and also the missing data for industry use of seawater could change the relative 
intensities of different sectors and regions.
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Figure 6: Direct flows of water and indirect flows of ‘virtual water’ through the Australian economy for the year 2009. Virtual water from food agriculture includes all water used to irrigate crops for 
human and animal consumption.  
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Figure 7: Regional variation in the WF (ML/$) of each sector for 2009. For each sector, the whole-of-Australia WF value (dot) is provided, along with the range of state-based WF values (range bar).
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 Changes over time 
Comparing results across the years agrees with previous analysis (ABS, 2016) that the droughts over 
the first decade of this century have stimulated a change in the water intensity of the economy (Figure 
8 and Table 6Table 4).  
The water consumption associated with the provision of goods and services has decreased by 32% 
for exports, and by 38% for domestic markets. In contrast, the reduction in direct water use by 
householders (22%) has been much smaller (Table 6). Also interestingly, the balance between water 
consumption for domestic goods vs. exports has been changing over that period (Table 6). More 
detailed analysis would be required to determine how much of these WF changes are being driven by 
structural shifts in Australia’s agricultural exports, compared with the more obvious reductions in 
water intensity of production due to technological shifts or rain water availability.  
Table 6: Changing water footprints for the Australian economy, between 2001 and 2012, expressed as a fraction of the equivalent 
2001 values.  
 2001 2005 2009 2012 
Water embodied in Australian exports 1.00 0.66 0.61 0.68 
Water embodied in Australian final demand 1.00 0.78 0.52 0.62 
Direct water use by households 1.00 1.00 0.84 0.78 
Total water use in Australia 1.00 0.77 0.57 0.65 
  
Despite the disparities identified above, the overall breakdown of water consumption in the Australian 
economy appears to be approximately the same as it was at the turn of the century. The water 
consumption required to provide goods and services (predominantly food) to Australian consumers 
is consistently much higher (at least three times) than the direct water use in the home. Adding the 
indirect and direct water use of Australian consumption shows that Australians are responsible for 
the consumption of about 70–76% of Australian water. Interesting to note is that water consumption 
required to underpin Australia’s export market is consistently double the amount of water directly 
used by householders. 
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Figure 8: Changing water footprints for the Australian economy, between 2001 and 2012. For each year, the breakdown (%) of the 
total WF is shown for [direct household consumption] vs. [consumption associated with domestically consumed products] vs. 
[consumption associated with exported products]. 
 
4.4. Conclusions 
Strong regional variation in water–economy interdependencies suggests that future Australian water 
footprinting studies should better account for regional differences in production and trade 
characteristics. To date in Australia, the focus for improved trans-boundary water management has 
been on improved mechanisms for sharing allocation in the Murray Darling Basin, and other 
catchments that cross state lines. The results provided here illustrate also the trans-boundary 
economic dependencies related to water availability – all but the three biggest state economies are 
potentially vulnerable to changes in water policy or physical availability outside their jurisdictions.  
Similarly, approximately one-third of Australia’s water consumption is used for Australia’s exports 
(predominantly agricultural commodities), suggesting that export income could also be sensitive to 
water policy choices. Conversely, that strong link is a reminder of the tension between the socio-
economic benefits of export activity and the environmental pressure associated with extraction from 
Australia’s ecologically sensitive freshwater streams. The relationship between exports and water 
consumption is relatively consistent across all states and territories. 
While the water use efficiency of Australian agriculture and business has improved in response to the 
droughts, the water consumption (indirectly) required to produce goods and services for domestic 
consumption is far greater than that used directly in households. Changes in buying patterns could, 
therefore, provide a substantial opportunity for residents to help alleviate Australia’s water stress 
challenges. Further analysis is required to determine the implications, both for Australia’s water 
balance and for socio-economic outcomes, of any such changes. Reductions in food wastage are an 
obvious candidate for consideration, given that the food system accounts for the majority of water 
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Recent innovations in the compilation of economic input-output models create a new opportunity to 
progress this analysis, exploring in more detail the economy–water interlinkages that will vary 
strongly across Australia’s regions and sectors. The priorities for such analysis should be to integrate 
the full suite of water consumption data sources that have become available through Australia’s 20 
year water reform process, explore the risk that imports will expose our businesses to growing water 
stress in other countries, and provide a more nuanced characterisation that better accounts for the 
marginal economic value of water to critical industries such as electricity generation and mining 
(Australian Bureau of Statistics, 2010). 
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5. The challenge of characterising food waste at a national level- an 
Australian example 
 
This Chapter address the second Objective of this thesis:  
Second Objective: To understand the strengths and limitations of methods to characterise food 
waste at a country level  
 
The work here presented is based on the published paper: 
Reutter, B., Lant, P.A., Lane, J.L., 2017. The challenge of characterising food waste at a national 
level—An Australian example. Environmental Science & Policy 78, 157-166. 
 
Abstract 
This study critiques available methods for the national-level, sector specific, characterisation of food 
waste. Such estimates are required to account for the environmental and socio-economic implications 
of food waste, and to identify the highest impact and most cost-effective solutions to reduce those 
negative outcomes associated with wasted food. Australian results are compared using three 
fundamentally different approaches taken from the literature, along with two variants implemented 
for this study. The results are extremely inconsistent, suggesting that our current quantitative 
knowledge on Australian food waste may not be sufficient for optimal prioritisation of mitigation 
options. While these ‘conventional’ methodologies may not be sufficient in isolation, their strengths 
are complementary and would ideally be integrated into a single analytical framework that 
incorporates the best available top-down and bottom-up datasets. 
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5.1. Introduction 
While campaigns to reduce food wastage have achieved a very high public profile (e.g. Victoria State 
Government (2016); WRAP (2016)), there is surprisingly little information available on either the 
quantities of food wasted nor its consequences (Parfitt et al., 2010; Thyberg et al., 2015). Despite that 
limitation, those top-down campaigns are a response to growing concerns about the high levels of 
wastage in food systems, the expectation of substantial growth in future global food demand, and the 
strong association between agricultural production and environmental impacts (FAO, 2013b, 2014b). 
A lack of detailed knowledge on food wastage could constrain the effectiveness of those campaigns 
in various ways. Firstly, without a detailed understanding of how much wastage is currently 
occurring, we do not have meaningful baselines against which the effectiveness of food waste 
mitigation efforts can be measured. Secondly, proper characterisation is needed to assess the 
economic and environmental implication of food waste. Thirdly, it limits our ability to target food 
waste campaigns to specific food types, or to specific participants in the food supply chain. Targeted 
campaigns will be critical to achieve effective outcomes, as the diverse range of opportunities to 
reduce food waste could deliver very different environmental and economic outcomes (Beretta et al., 
2013). Both the environmental burdens of wasted food, and the potential for socio-economic barriers 
to limit the effectiveness of waste reduction measures, can vary substantially across different food 
categories, and across diverse points in the food supply chain (Reutter et al., 2017a). These differences 
arise because of the huge variation in the way that different foods are produced, stored, packaged, 
distributed and prepared. Hence, for example, the environmental significance of wasting meat is 
different to that of wasting fruit (Vanham et al., 2015); and the socio-economic implications of 
wasting usable food on the farm can have different implications than those associated with food 
wastage in households (Reutter et al., 2017a).  
Food waste characterisation at the national level remains relatively poorly understood (Buzby and 
Hyman, 2012; Xue et al., 2017), with much of the national level food waste critique provided both 
by the scientific (e.g. Brautigam et al., 2014; Kummu et al., 2012; Oelofse and Nahman, 2013) and 
non-scientific communities being heavily reliant on the results from a single global study undertaken 
by the FAO (Gustavsson et al., 2011).  Relatively little attention is paid to the concerns, raised in that 
FAO study itself, that their results should be interpreted with great caution due to a lack of data for 
many countries and for stages of the food supply chain (i.e. studies use the data without questioning 
it or considering the high uncertainty that it carries). The only study found to compare food waste 
estimates at a country level shows that the results can vary significantly depending on the assumptions 
used (Brautigam et al., 2014). The substantial gaps in the available information, the reliance on 
outdated data, and inconsistencies in the scope and methods employed by studies, mean it will be 
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difficult to compare and benchmark results across regions and time frames (Brautigam et al., 2014; 
Thyberg et al., 2015).  
Furthermore, we are not aware of any evaluation being undertaken into the methodological validity 
across the range of studies that exist. While there has been a heavy reliance on the top-down FAO 
study (Gustavsson et al., 2013; Gustavsson et al., 2011), a high degree of attention has also been paid 
to the results of bottom-up approaches reliant on the sampling of waste streams or interviews (NSW 
Environment Protection Authority, 2016; WRAP, 2016). Those results are often used to guide policy 
thinking, yet no-one has compared whether or not they are consistent with the top-down estimates 
frequently adopted from the Gustavsson et al. (2011) study. More recently, a third approach has been 
proposed by Reynolds (2013), disaggregating estimates of overall food waste in the economy using 
the supply chain linkages and household expenditure data that are embedded in monetary input-output 
tables (MIOT). While that approach has some obvious appeal in countries where MIOT are compiled 
by statistical agencies, it does rely on an allocation of overall food wastage in proportion to food 
flows measured in monetary terms. Given that monetary allocation can be problematic for products 
(such as food) that vary greatly in price per unit mass (Schaffartzik et al., 2015), further critique of 
that approach is warranted. 
This study provides the first direct comparison of the results obtained using these three different 
approaches from the literature, along with two new variants chosen to avoid the monetary allocation 
concerns with the MIOT technique: (i) a version of the MIOT expressed in physical units, so as to 
consider the effect of monetary allocation on supply chain waste estimates; and (ii) using bin-audit 
data to disaggregate the estimate for total household waste. An Australian case study is used to 
critique these methods, in terms of their capacity to characterise food waste at a national-scale, for 
different supply chain steps and different food types. Our critique primarily focusses on the data scope 
and data quality employed by the different methods, their potential effect on the results, and the level 
of sectoral and food detail in the analysis they can provide. 
5.2. Background 
This section provides an analysis of literature that has characterised food waste at the national level, 
differentiating by food waste producer and the food category that is being wasted (see Table 7).  
Our review suggests that challenges in interpreting the limited available data on food waste will be 
compounded by difficulties in comparing results across the few studies available. The available 
literature sources lack consistency in study scope, in the definitions used, and in the way that results 
are reported. To overcome these difficulties, the World Resource Institute (2016) has recently 
developed the Food Loss and Waste Protocol, which advocates for the use of a common definition of 
terms and clearly defined research scopes. 
The environmental burden of food waste    53 
Beatriz Reutter Susaeta – PhD thesis 
In this paper, we adopt the Food Loss and Waste Protocol definitions of food category and material 
type, and propose the identification of level of food transformation. Food category refers to the type 
of food being wasted (e.g. wheat vs. bananas). Material type describes the potential usability of the 
wasted products: edible or inedible parts of food (e.g. the banana flesh vs. the banana peel). Level of 
food transformation describes how food waste is being reported. It could be described as primary 
product equivalents (e.g. for pasta reported as flour, egg, salt) or in food products. 
Table 7: Country level studies on food waste characterisation. Only two studies have been conducted on a developing country. Most 
studies utilise the “disaggregation of total available food” as their main method and provide little disaggregation on food categories. 
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 Spatial coverage 
Given the expectation of substantial change in the future global food system (Godfray et al., 2010), 
the patchy coverage of existing studies will be insufficient to predict the future evolution of food 
wastage and to identify opportunities to mitigate that wastage. Only two of the eight national studies 
address developing countries (Liu et al., 2013; Oelofse and Nahman, 2013), yet it is developing 
countries where future demand is projected to grow the strongest (Godfray et al., 2010). 
 Classification of the food wastage 
The diverse ways in which available studies present results imposes a barrier to benchmark a country's 
food waste, to combine available information to conduct further research (Monier et al., 2010; 
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Vanham et al., 2015) and imposes an impediment to understand the environmental and economic 
consequences of food waste.  
The relative lack of data on food wastage occurring throughout food supply chains, and at commercial 
business users, could be an important gap, given some studies estimate that this accounts for nearly 
50% of overall food wastage in some countries (Lee and Willis, 2010). However, improving our 
knowledge on industrial and commercial food wastage will not be easy, given the diversity of 
processes, production efficiencies, technologies and uses of food in these sectors, compounded by 
challenges in eliciting commercial performance data from private companies.  
 Methodology used to generate national-level estimates 
To enhance the quantitative comparison of results provided for our Australian case study (see the 
following sections), we group the available literature into one of the three analytical approaches 
shown in Figure 9. 
Disaggregating an estimate of the total (national) quantity of available food: This top-down approach 
is the most commonly applied, and attempts an overall mass balance of food waste flows in the 
economy. The starting point for such analysis is an estimate of the total food available, distinguished 
by different food categories. Those overall ‘availability’ estimates are then combined with literature 
information on the fraction of food wasted at different points in the food system, to provide estimates 
of the overall wastage by food category.  
Kantor et al. (1997) first proposed this method estimating United States food waste and became the 
stepping stone for later studies on food waste (Buzby et al., 2011; Heller and Keoleian, 2015). 
Gustavsson et al. (2011) utilised this method in their global study for the Food and Agricultural 
Organisation (FAO) – their approach, including the assumed wastage fractions, has since been copied 
in a number of other national and regional studies (Table 7). 
This approach can provide comprehensive coverage of food groups and food system stages, and has 
the advantage of being based on the accessible statistics (on food availability) produced by the FAO 
and many national agencies. However, it is hampered by the limited availability of empirical data on 
how much food is wasted at each stage in the food system, and how that varies across food categories.  
As a result, the results from such studies are highly dependent on assumptions that the limited 
available data is representative of the broader food system. For example, they typically assume that 
the wastage of certain products (e.g. apples) is representative of the wastage for an entire food group 
(e.g. all fruits). 
Two very different studies (Hall et al., 2009; Ridoutt et al., 2014) utilise an alternative approach to 
generating a national-level food waste balance. They calculate overall food wastage in the economy 
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as the difference between total food availability (using the same FAO-based statistics as described 
above) and total physical intake by the nation’s residents. The latter is quantified from estimates of 
population-level, nutritional intake. This avoids the potential problems caused by extrapolating from 
the limited available data on wastage at various stages of the food system, but does so at the expense 
of supply chain detail. While that may provide a useful metric for comparing across nations and/or 
tracking national progress in food waste mitigation over time, the loss of detail limits the utility of 
such studies for targeting waste mitigation policies at specific sectors or consumer groups. As we aim 
to critique methodologies that provide both, sectoral and product type disaggregation, (and Neither 
Hall et al. (2009) nor Ridoutt et al. (2014) can provide sectoral detail) we do not attempt to replicate 
their methodologies in this paper. 
Disaggregating an estimate of total (national) food wastage: Rather than starting with an estimate of 
total food availability, this top-down approach starts with an estimate of overall food wastage in the 
economy derived from statistical agency data on business and residential solid waste generation. In 
Australia, as in many other OECD nations, waste generation accounts are compiled following the 
international System of Environmental-Economic Accounting SEEA framework (UN, 2014), 
integrating primary data from waste management facilities with data from other sources. Reynolds 
(2013) first proposed that those statistical waste accounts could be disaggregated to characterise 
Australian food wastage, using a customised economic proxy generated from a monetary input-output 
table. Reynolds et al. (2016) then repeated that approach to characterise food waste in New Zealand.  
The appeal of utilising monetary input-output table (MIOT) databases is that, where they are available 
with sufficient detail, they contain detailed and comprehensive quantification of food supply chain 
transactions, identifying the food pathways from primary producer (or imports), through the 
downstream processing, distribution and retail stages, all the way to consumers. This food industry 
data is embedded in the MIOT matrices that describe (in monetary terms) the flow of all goods and 
services of an economy (see Miller and Blair (2009)). 
MIOT are available for most developed countries, albeit with varying levels of detail, utilising the 
vast amount of sectoral-level data on financial transactions that are compiled by national agencies in 
their calculation of GDP and other economic metrics. However, using MIOT information to 
disaggregate physical accounts (e.g. food wastage in mass terms) intrinsically assumes that mass 
flows are proportional to financial flows. This can be extremely problematic for sectors (such as the 
food industry) where the price per kg of different products varies substantially (Schaffartzik et al., 
2015). 
Bottom up extrapolation of sample data: This bottom-up approach begins with sample data from 
specific waste streams (e.g. bin audits; interviews; food diaries), extrapolating that to the entire 
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national population using a variety of proxies. The only literature example of this approach (to our 
knowledge) is Katajajuuri et al. (2014), who extrapolate residential sample data using the total 
number of households to generate a national estimate of residential food wastage; and extrapolate 
using the total number of businesses to generate a national estimate of commercial food wastage. 
While this has the appeal of utilising highly detailed empirical data on waste stream composition, it 
could be sensitive to the propagation of any sampling error associated with the source data (see, for 
example, Lebersorger and Schneider (2011)). 
 
 
Figure 9: The three different analytical approaches used across the available literature sources, to characterise food waste at a 
national level. The two top-down approaches disaggregating an estimate of total available food  and disaggregating an estimate of 
total food waste, start with different national estimates, and then employ various approaches to break that down by food waste 
category and by food waste producer. The bottom-up approach, extrapolation of sample data, uses extrapolation factors to escalate 
sample data to an entire population. 
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5.3. Methods 
 Food system scope 
For this study, food waste is defined as being those products intended for human consumption that, 
for some reason, are diverted from this purpose. Both the edible, and inedible, portions of that wasted 
food are addressed in this case study analysis. 
Wastage is quantified from the point at which the food enters the economic system (i.e. at the farm 
gate), up to and including the final consumer. Excluded from this definition are on-farm efficiency 
losses, product left in the field, or the notion of overconsumption by populations at large. This 
definition is consistent with that used by Gustavsson et al. (2011). 
 Regional scope 
Food wastage is characterised for domestic supply chains and domestic consumers in Australia. This 
excludes any waste generated in the production of foods imported to the country, and any wastage of 
food products after they are exported from Australia (whether in foreign supply chains or by foreign 
consumers) (see Appendix C).  
 Analytical methods 
We applied five different approaches to characterise food waste in Australian. For simplicity we 
denote methods with numbers (1, 2, 3, 4, 5) and indicate in subscript the distinction of food waste 
material type, denoting “ALL” when accounting for both the edible and inedible fractions,  and “ED” 
for only the edible portion. Results for household food waste, and commercial and industrial food 
waste, are presented separately, reflecting the substantial differences between them in both the nature 
of food wastage, and in terms of the amount of data that is available.  
Table 8 presents a summary of methods and their scope, together with data sources. Appendix C 
provides further methodological details. 
 Disaggregating an estimate of total available food (1ED) 
This top down method calculates food waste as a fraction of the total amount of food available to an 
economy, in a manner consistent with Brautigam et al. (2014); Gustavsson et al. (2011); Kantor et al. 
(1997) and Liu et al. (2007). Total available food in Australia was sourced from Australian Bureau 
of Statistics (2012), Department of Agriculture (2013) and FAOSTAT (2010). We applied food 
wastage fractions taken from Gustavsson et al. (2013) for North America & Oceania, such estimations 
assume that wastage fraction for United States and Europe are representative for Oceania. Also, as 
described above, the Gustavsson approach assumes that wastage fractions for a particular food are 
representative of all foods in the same category (e.g. empirical wastage data on barley is assumed to 
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be representative for other grains). This method considers only the edible part of food waste. Further 
methodological details on this approach are provided in Gustavsson et al. (2011) and Gustavsson et 
al. (2013). 
 Disaggregating an estimate of total food waste (2ALL, 3ALL, 4ALL, 4ED) 
These top-down methods disaggregate an estimate of total national food waste using a variety of 
proxies. The first (2ALL) applies the methodology previously proposed in literature by Reynolds 
(2013), using MIOT to generate waste estimates by food type, across different supply chain steps and 
for households. In order to critique those results, we then provide two alternative methods using 
physical (rather than monetary) proxies that, to our knowledge, have not been used previously in the 
literature. One of those variations (3ALL) addresses the same scope as 2ALL, but using a set of physical 
input-output accounts. The others (4ALL and 4ED) consider just the household component of that 
national food waste total, disaggregating the overall food waste estimate using data obtained by bin 
audits studies. 
The starting point for all these is a national estimate of total food waste being sent to solid waste 
handling facilities. For that estimate, we follow the general template provided in Reynolds (2013), 
which is based on an estimate generated by the Australian Bureau of Statistics (2014), using their 
waste accounts for the year 2010-11. Those waste accounts provide the most comprehensive available 
summary of information published by Australian industries, states and territories, presenting data on 
the disposal of solid waste to landfill, the use of solid waste for energy recovery, and the diversion of 
solids for recycling. While that data source does distinguish between household vs. commercial and 
industrial waste, it acknowledges that some commercial waste will inevitably be accounted for in the 
household stream. 
For the commercial and industrial sectors, we assumed that 25% of their solid waste stream is wasted 
foodstuffs, based on the 2010-11 estimate provided by Randell et al. (2014). To our knowledge, that 
government report is the only available estimate of this kind for Australia. Unfortunately their 
methodology is not described in detail, hence the results we generate should be interpreted cautiously. 
For the residential (household) portion of the municipal solid waste stream (household waste), we set 
the amount of food waste to be 35% of the total waste mass. That follows the results from the biggest 
bin-audit survey undertaken in Australia (EC Sustainable Pty Ltd, 2014), equivalent to 1600 
households, which was conducted following the Waste & Resources Action Programme standards of 
the UK.  
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Using a disaggregation proxy based on MIOT (2ALL) 
In this approach, we directly follow the disaggregation method of Reynolds (2013), using monetary 
input-output tables (MIOT) generated from the IELab software (Lenzen et al., 2014) for the year 
2010-11. Appendix C provides a more detailed description of the MIOT construction. 
 The national estimate for commercial and industrial food waste is disaggregated across industries 
and across food types, in proportion to a single proxy that reflects the direct contribution of each 
industry sector to total Australian economic activity. The proxy combines three indicators with an 
equal weighting - (i) total inputs and total output for food-related industries; and total employment 
for all industry sectors (all in monetary terms). Further details of the rationale and design for that 
disaggregation proxy can be found in Reynolds (2013).  
The national estimate for household food waste is disaggregated across the different food types, using 
the MIOT distribution of household spending (in $-terms) across all products in the Australian 
economy. In other words, the more consumers spend on a certain food, the more food waste will be 
allocated to that food category. 
Using a disaggregation proxy based on PIOT (3ALL) 
This method follows the same concept as the MIOT based approach (2ALL), but utilises a physical 
input output table (PIOT) instead of the monetary (MIOT) version. A PIOT describes the physical 
flow of material through the economy instead of the monetary flows, as such, it accounts for flows in 
mass terms (Suh, 2010). This modification was introduced in order to consider whether the monetary 
allocation implicit in using MIOT-based disaggregation is appropriate for food waste analysis. In 
general, the MIOT-based approach will allocate the greatest quantity of food waste to the greatest 
economic flows. However, the concern is that the unit price ($/kg) of food products can vary 
substantially, and that the amount of wasted food will in some cases be independent of the price of 
the food. 
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Table 8: Methods taken and their scope, together with data sources and important considerations. All methods were applied to household food waste. Only 3 could be applied to commercial and 
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Our PIOT uses the same sectoral structure as that for the MIOT (2ALL), converting the monetary 
transactions into physical flows. Physical data on primary production (agriculture, aquaculture 
and fishing), processed food production, food exports, and food imports were taken from 
Australian Bureau of Statistics (2012), Department of Agriculture (2013) and FAOSTAT 
(2010). Further detail on the sources of data are provided in Appendix C. To minimise other 
differences, we used a disaggregation proxy that equally weighted the same three parameters 
proposed by Reynolds (2013), but with industry input and output measured in mass terms 
(taken from the compiled PIOT). Employment was considered in monetary terms utilising the 
equivalent values in the MIOT (as in 2ALL). 
Disaggregating the national estimate for household food waste using bin audits as the proxy 
(4ALL and 4ED) 
To further critique the household component of the MIOT (2ALL) and PIOT (3ALL) methods, we 
also disaggregate (top-down) the same estimate for total (national) household food waste in 
proportion to the distribution of food types found in the bin audit survey described above (EC 
Sustainable Pty Ltd, 2014). That study also characterises the sample data by material type, 
allowing us to generate results for just the edible portion of food waste (4ED), and including 
both the edible and inedible portions (4ALL). This approach could only be applied to household 
food waste, as there is no equivalent physical characterisation of food waste flows for the 
commercial and industrial sectors of Australia. ED 
 Bottom up extrapolation of sample data (5ALL and 5ED) 
This bottom-up calculation follows the general principles of the Finland study by Katajajuuri 
et al. (2014), but only for an estimate of residential (household) food waste. The bin-audit 
sample data from EC Sustainable Pty Ltd (2014) characterises the amount of food waste (by 
food type) as an average for the 1600 houses included in their study. Those food-specific 
estimates are then scaled up to a national estimate, based on the number of Australian 
households in the year 2011 (Australian Bureau of Statistics, 2011). For this approach, we 
distinguish between the edible portions of food waste (5ED), and the combined (edible + 
inedible) portions (5ALL).  
5.4. Results 
 Household food waste 
The results show great variability regarding total food waste generated by households and its 
characterisation (Table 9). 
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Comparing across the top-down (2ALL, 3ALL, 4ALL,) and bottom-up (5ALL) estimates for overall 
food waste, the bottom-up method can account for less than 30% of the national level household 
waste estimate based on the Australian Bureau of Statistics (ABS) data. The same follows for 
the comparison based only on edible fractions of food waste (1ED, 4ED, vs. 5ED).  
Because of the limited amount of data, and the limited transparency in some datasets, it is 
difficult to know what are the major causes of this difference. The bin audits (EC Sustainable 
Pty Ltd, 2014) that underpin the bottom-up estimates (5ALL, 5ED) don’t provide sufficient 
metadata to understand how representative they are of the country as a whole. Given that food 
consumption and wastage can vary substantially over seasons (Quested et al., 2013a), it is 
impossible to know how well the snapshot surveys can inform a bigger picture estimate. 
Another important challenge is the potentially large uncertainty in the national level estimates, 
given the limited information available to disaggregate the ABS data into the food and non-
food fractions of waste. There are some other mismatches between the available survey based, 
and national level estimates, but they are unlikely to be a major source of difference in the 
Australian context. For example, only the ABS based data includes the food that is delivered 
to waste facilities directly by consumers, however, this volume of food waste is expected to be 
negligible in Australia (Department of the Environment and Energy, 2013). 
Table 9: Estimated food waste generated by households by the seven methods utilised in the research, for (a) all food waste 
(including the edible & inedible fractions); and  (b) only the edible fraction of wasted food. 
 
A All food waste (edible and inedible fractions) 
Method type Top-down Bottom-up 
Method 2ALL 3ALL 4ALL 5ALL 















TOTAL 4,994   4,994   4,994   1,460   
Vegetables 439 (9 %) 832 (17 %) 1,084 (22 %) 322 (22 %) 
Meat/fish 1,436 (29 %) 533 (11 %) 429 (9 %) 127 (9 %) 
Fruit 525 (11 %) 628 (13 %) 1,129 (23 %) 333 (23 %) 
Dairy/eggs 576 (12 %) 1,096 (22 %) 444 (9 %) 121 (8 %) 
Staple foods/meals 519 (10 %) 845 (17 %) 979 (20 %) 291 (20 %) 
Bakery/snacks 1,499 (30 %) 1,059 (21 %) 929 (19 %) 265 (18 %) 
         
B Edible fraction of food waste   
Method type Top-down Bottom-up   
Method 1ED 4ED 5ED   
   t ('000)  
% of 
total 






total   
TOTAL 2,803   3,795   1,109     
Vegetables 546 (19 %) 1,084 (29 %) 322 (29 %)   
Meat/fish 259 (9 %) 175 (5 %) 51 (5 %)   
Fruit 514 (18 %) 305 (8 %) 92 (8 %)   
Dairy/eggs 445 (16 %) 439 (11 %) 121 (11 %)   
Staple foods/meals 1,039 (37 %) 864 (23 %) 257 (23 %)   
Bakery/snacks  -    (0 %) 929 (24 %) 265 (24 %)   
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Top-down methods for all food waste (2ALL, 3ALL and 4ALL) have total food waste as a common 
starting point. Though significant differences are found in the characterisation of food waste 
by category between these methods. Because method 2ALL relies on MIOT, then it follows that 
the most expensive foods (economically) end up with the biggest predicted waste. For example, 
it estimates that 29% of the total household food waste is made-up of the meat/fish category. 
The reason for this high estimation lies in that the total expenditure of households on this 
categories represents the biggest amount. This high estimate could be significant given the 
concerns about the disproportionately high environmental burden of meat production 
(compared to non-meat foods) – (Carlsson-Kanyama, 1998).  However, bin audit literature 
consistently finds that meat makes up very little of the food in the bins (Katajajuuri et al., 2014; 
Quested et al., 2013a). 
When comparing total food waste with only the edible fraction, the pairs of methods 5ALL- 5ED 
and 4ALL-4ED, both estimate a difference of 24% of total food waste between them, which is 
explained because both sets of methods utilise the same base data. For the same reason, the 
characterisation of food waste regarding percentages of allocations of total food waste is the 
same for the pair of methods 5ALL- 4ALL and 5ED - 4ED. For the fruit category, the ratio of all 
versus edible faction has more than a 50% difference. This is because inedible parts such as 
fruit skins and seeds represent a considerable fraction of the total product. Making the 
distinction between edible and inedible parts by food category is an important consideration to 
understand the potential to reduce food waste by category. 
Results obtained from the top-down method using Gustavsson et al. (2011) data (1ED) are 
between those obtained from the top-down (4ED) and bottom up (5ED) methods using the bin 
audit data. A more focussed study would be required to determine whether this reinforces 
confidence in Gustavsson et al. (2011) results which are so commonly used on the literature, 
or whether it is just a coincidence. Note that method 1ED doesn’t provide information for 
bakery/snacks this is because it accounts for food waste in primary product equivalent (bakery 
category estimation is included in staple food category). 
 
 Household food waste as a fraction of household purchases 
When comparing estimations of food waste with households food purchases, most methods 
estimates that between 10 and 40% of what is purchased is wasted (Figure 10), however, there 
are some exceptions. The top down approach using MIOT (2ALL) estimates that 98% of 
meat/fish and 51% of bakery/snacks bought by households are wasted, which reinforces the 
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thought that this method could be providing misleading results, by over-estimating food waste 
generated by expensive food items. 
Figure 10 shows an important flaw of the top down method using PIOT (3ALL) in that it allocates 
the same percentage of waste (in mass terms) to all categories. A detailed study on consumer 
food waste in the UK have found differences in the fractions of food wasted depending on the 
food categories (Quested and Murphy, 2014).  
 
Figure 10: Estimated food waste as a percentage of total household purchases, in mass terms by food category. 
 
 Commercial and industrial food waste 
The comparison of methods (Figure 11) indicates that the available data in the commercial and 
industrial sector may be unreliable for generating food waste estimates that are disaggregated 
by food category. Method 1ED uses a top-down calculation starting from total available food 
and estimate the edible fraction of commercial and industrial food waste. The two top down 
methods 2ALL and 3ALL start with an ABS-based estimate that captures both edible and inedible 
portions of total commercial and industrial food waste - that should, by definition, be higher 
than the estimate of only the edible portion (as provided in 1ED). Figure 11 shows this not to be 
the case, implying that one or both methodologies are flawed. This casts further doubt on 
whether the Gustavsson et al. (2013) waste fraction estimates can be meaningfully applied in 
Australia. It also reinforces the need for more accurate estimates of the food component in 
Australia’s waste collection system.  
The characterisation of food waste by food category varies across these three methods (Figure 
11A). Here again, the fish/meat category is the biggest category estimated for methods 2ALL. 
Method 3ALL estimates that the food categories most present in the commercial and industrial 
stream are staple food/meals and eggs/dairy products. Which is explained by the availability of 
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Interesting to note is the high estimation of waste by method 1ED for the fruit and vegetable 
category in comparison with methods 2ALL and 3ALL. These results reflect that method 1ED is 
accounting for the high perishability and for the large inedible fractions of these foods, which 
is not considered in methods 2ALL and 3ALL.  
When characterising food waste by food producers (Figure 11B) method 2ALL implies that 
commercial and industrial sectors (service sectors) are the dominant for food waste generation, 
in contrast methods 3ALL and 1ED estimate larger quantities by the agriculture and food 
industries sectors. The large allocation to the commercial and industrial sectors by method 2ALL 
is explained by the increasing value of food products along the food supply chain.  
Disaggregation of total food waste using IO tables (methods 2ALL and 3ALL) provides great detail 
in terms of producing industries and of food categories (available at Appendix C). This is 
because the disaggregation of total food waste relies on the structure of the IO table used. 
 
Figure 11: Commercial and industrial food waste characterisation using different top-down methods. Chart A shows 
characterisation by food category wasted. Chart B shows characterisation by producing industry. 
5.5. Discussion 
The conflicting, and inconsistent, results suggest that much greater scrutiny is required on the 
various methodologies applied to characterise national-level food waste. While our study is 
focussed on Australian data, the discussion presented here should have relevance to most other 
parts of the world, where the methodological limitations are (by and large) of a similar nature.  
The strength of approaches that utilise national-level data on food availability, is that reliable 
estimates for most countries can be obtained from the food balance sheets of the FAO. 
However, a substantial challenge remains in how best to generate food waste estimates that are 
sufficiently disaggregated by food type and by food supply chain step. The majority of attempts 
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wastage occurs in different parts of the food system) that are unfortunately based on very 
limited empirical data. While they have been useful to draw attention to the scale and nature of 
the food waste challenge, it is questionable whether a continuing reliance on those assumptions 
will be sufficient to identify the most cost-effective food waste mitigation strategies. Future 
analysis should put a priority on integrating the best available macro-balances with new 
(bottom-up) empirical data as it emerges, acknowledging that as the amount and nature of that 
data increases, it’s also likely that the prevalence of data conflicts will also increase. We do not 
attempt to prioritise (in this paper) where data collection efforts should best be directed, 
although we do note that a greater degree of food waste analysis (and data) for the commercial 
and industrial sectors is badly needed. 
While the FAO food production statistics are a good starting point, they could be 
complemented by macro-level datasets employed in the other methodologies reviewed in this 
paper. For example, we feel that the Australian estimate of food organics reaching the 
municipal solid waste system (as used for 2ALL and 3ALL) might be too coarse to use in isolation, 
for the task of characterising industry specific waste. However it does address one of the major 
destinations for food waste, hence provides direct insight that the production statistics cannot. 
Also integrating the consumer nutrition balances, as employed by Ridoutt et al. (2014) and Hall 
et al. (2009), would help expand the scope to cover all potential waste disposal routes. 
Appendix C provides further discussion on that opportunity, based on a comparison of our 
results against those of Ridoutt et al. (2014). The benefit of using the nutrition-based food 
intake estimates might be enhanced, if combined with the food purchase data that is 
incorporated in MIOT, as it could enable a population-level waste balance to be conducted 
specifically across the consumer segment of the food system. Finally, it should be recognised 
that all these datasets, and most food waste analysis, exclude consideration of foodstuffs that 
never enter the economic system (e.g. crops left in the field). That gap may substantially impede 
our ability to determine the most cost-effective means to reduce environmental problems 
caused by food waste. 
Further consideration is warranted into the opportunities to utilise data from monetary input-
output tables (MIOT), given they can provide highly detailed information on the scale and 
direction of food system supply chain flows. However, the analysis provided here suggests that 
directly disaggregating food waste estimates in proportion to those monetary flows may not be 
reliable, given (amongst other things) the substantial variation in unit price ($/kg) across 
different food products. A fully balanced physical (PIOT) representation of the input-output 
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system may be able to harness the best attributes of both the physical mass-balance, and MIOT 
approaches. The interim PIOT developed for this study would need further development to 
provide reliable estimates of food wastage. Improvements to be considered would be wastage 
fractions that vary across food categories, and a review of how best to improve the estimate of 
physical food flows into households.  
While bin-audit surveys can provide useful information on the nature of food waste that might 
be recovered from municipal streams, our results suggest that waste stream characterisation of 
itself may only be of limited use for estimating national-level waste flows. Our bottom-up 
extrapolation of survey data probably underestimates total food waste generated by households. 
A big concern with this approach, or top-down applications of the same data, is the 
representativeness (or lack thereof) of the sample set. For example, the food composition of 
waste streams could vary substantially across regions and/or across seasons (Quested et al., 
2013a), and obtaining sample data that is sufficiently representative is likely to be difficult and 
expensive (Lebersorger and Schneider, 2011). At a minimum, the utility of future household 
bin-audit surveys would be improved if they also collected data on household food purchases, 
as this would make it easier to apply household food mass balances. 
 Objectives for an improved methodological framework 
The ideal framework for future characterisation of food waste flows should be based on an 
economy-wide (physical) mass balance, and: (1) provide the greatest level of detail possible, 
by food types, and by supply chain steps; (2) be able to accommodate and synthesise across 
multiple, (potentially) conflicting datasets that exist at varying levels of detail; and (3) easily 
allow for progressive updates as new data becomes available. Developing such a tool that is 
openly accessible to researchers and governments, would maximise access to, and encourage 
greater critique of, the available data.  
Such an analytical framework would make it possible to incorporate the four macro-level data 
types that have been used in various food waste characterisation studies. They are: (i) physical 
balances on food production (e.g. from FAO); (ii) estimates of food composition in regional 
waste flows (from statistical agencies and waste disposal managers); (iii) population-level data 
on food expenditure (from statistical agencies); and (iv) population-level food intake estimates. 
The four of these should be viewed as complementary information, rather than the basis for 
competing methodologies. 
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Finally, the ideal framework would make it easy to test the implications of incorporating 
different micro-level assumptions based on the disparate sources of data that can be available. 
That would allow patchy wastage data from research analysis of different supply chain steps, 
to be integrated with information from commercial and household bin (or waste stream) audits. 
Incorporating the quantitative representation of supply chain linkages found in MIOT would 
greatly improve the level of supply-chain detail possible in national-level food waste 
characterisation studies.  Although much less common, national-level PIOT systems would be 
an even better source of such information where they exist, given they avoid the need to 
translate between economic and physical flows. 
5.6. Conclusions 
For the purpose of characterising total Australian food waste across sectors and food types, our 
results show substantial inconsistencies between the available datasets and methodologies used 
to employ them. This suggests that our current quantitative insight on food waste in Australia 
won’t be sufficient to identify the most cost-effective food waste mitigation options for various 
parts of the economy (i.e. the information available does not provide enough insight to plan for 
mitigation strategies). 
Given the substantial diversity that exists across different supply chains, in the scale, nature 
and drivers for food waste generation and food waste mitigation, there is never likely to be a 
‘complete’ set of data to inform mitigation priorities. Detailed change management will 
therefore have to work around data gaps, but to do that effectively we should move beyond a 
reliance on assumptions informed by outdated studies or adhoc pieces of new analysis.   
We propose guidelines for a new analytical framework that could address this challenge. This 
framework would be capable of incorporating all the available data, with its patchy coverage 
of scope and supply chains, integrating that with overall physical (mass) food balances bounded 
by the four macro-level datasets available in Australia. Historically, national level food waste 
characterisation studies have used one or other (sometimes two) of those economy wide 
datasets. However the four are complementary, and a single framework could be used to 
harness the best of each.  
Making such a framework accessible to all Australian researchers, could rapidly accelerate our 
understanding of food waste generation and mitigation opportunities. It would also help to 
guide the prioritisation and design of future data collection efforts.  
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This study critiques available methods for the national-level, sector specific, characterisation 
of food waste. Such estimates are required to account for the environmental and socio-
economic implications of food waste, and to identify the highest impact and most cost-effective 
solutions to reduce those negative outcomes associated with wasted food. Australian results 
are compared using three fundamentally different approaches taken from the literature, along 
with two variants implemented for this study. The results are extremely inconsistent, 
suggesting that our current quantitative knowledge on Australian food waste may not be 
sufficient for optimal prioritisation of mitigation options. While these ‘conventional’ 
methodologies may not be sufficient in isolation, their strengths are complementary and would 
ideally be integrated into a single analytical framework that incorporates the best available top-
down and bottom-up datasets.  
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6. An alternative food network reduces environmental burdens 
by reducing food waste 
This Chapter is composed by a paper currently under review by the Journal of Cleaner Production, 
it addressed the third thesis Objective: 
Third Objective: To assess the environmental implications of an alternative food supply 
chain that aims to reduce food waste 
Abstract 
Food waste is considered a social, environmental and economic problem and solutions to 
reduce food waste are being speculated, tested and implemented. One such proposed solution 
is to shift from conventional supply chain models to alternative food networks (AFN). AFN 
are food supply chains that claim to adopt environmental and social sustainability values, while 
still  being economically viable for farmers and consumers. However, empirical data to 
demostrate that AFN reduce food waste is missing. In this paper, we investigate if an AFN can 
reduce food waste compared with a conventional food supply chain, and we quantify its 
environmental impacts. For doing so, we considered an Australia AFN that was configured to 
benefit both farmers and consumers while reducing food waste. Empirical data from the AFN 
was used to create food balances, and compare these with overall waste estimates for the 
conventional supermarket model (taken from literature). We included six horticultural products 
chosen to provide a wide variety of agricultural, supply chain and consumer practices. Life 
cycle greenhouse gas (GHG) emissions and water footprinting were used to compare the 
environmental performance of the two supply chains. Given the substantial uncertainty and 
intrinsic variability in food wastage within specific supply chain models, sensitivity analyses 
for food waste quantities and waste management practices were performed. For the 
horticultural products we assessed, the results suggest that the AFN investigated is likely to 
generate much less supply chain food waste than the conventional supermarket model. On 
average, the conventional supply chain generated more than double the amount of food waste 
that the alternative supply chain. Furthermore, this waste reduction does not come at an 
environmental cost. From an environmental perspective, food waste mitigation outweighs 
potential supply chain inefficiencies. Given the major influence that food waste has over 
environmental burden associated with food provision, food waste warrants careful and explicit 
consideration in food systems LCA. The community needs to be aware that in the australian 
context, to reduce environmental burdens of horticultural products, reducing food waste (both 
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int the supply chain and at households) is a more effective tool than reducing food miles, 
packaging or energy for storage. 
 
6.1. Introduction 
In this study, we aim to understand if alternative food supply chains (FSC) produce lower 
quantities of food waste than conventional supply chains, and to quantify their environmental 
impact. For this, we compare two food supply chains estimating their food waste and analyse 
their greenhouse gas (GHG) emissions and water use, using a process-based life cycle 
assessment. 
Food waste is considered a social, environmental and economic problem. Government and non-
government organizations are committing to reach ambitious targets related to food waste 
reduction. For example, the United Nations has committed to "halve per capita global food 
waste at the retail and consumer level, and reduce food losses along production and supply 
chains by 2030". To achieve this, solutions to reduce food waste are being speculated, tested 
and implemented. One such proposed solution is the shift from conventional supply chain 
models to alternative food networks (AFN) (Priefer et al., 2016). 
Alternative food networks (AFN) are food supply chains that claim to adopt environmental and 
social sustainability values, while still  being economically viable for farmers and consumers 
(Feenstra, 2009). They are generally spatially and management-wise shorter than conventional 
ones. They have fewers players on their distribution network and aim to have shorter trasport 
distances, so the linkes between farmers and consumers are more direct (Forssell and Lankoski, 
2015). AFN are regarded as an option to support local farming, reduce food miles, reduce food 
waste and improve environmental outcomes (Priefer et al., 2016). Alternative food networks 
operate in various ways; one type is the so-called “box scheme”, in which consumers pay a 
certain amount and get a box of seasonally available fruit and vegetables. This scheme does 
not allow consumers to choose the product they get, but instead, the products are included as 
farmers make them available. AFN usually do not impose rigorous cosmetic standards to the 
fruit and vegetables allowing for a bigger range of shapes and colours to be supplied to 
costumers. 
The distribution part of a conventional supply chain (retail, supermarkets) has a direct influence 
on farm and packinghouse food waste by imposing rigorous cosmetic standards and, 
sometimes, because of poor demand forecasting (Lee and Willis, 2010; Stuart, 2009). 
Considering this, it would be expected that an AFN with lower cosmetics standards for 
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products, will generate less food waste at the farm and packaging facilities than a conventional 
supply chain. However, there is an important void of information on food waste along the food 
supply chain (Reutter et al., 2017a; Werf and Gilliland, 2017; Xue et al., 2017) to sustain such 
hypothesis and supporting evidence to understand if AFN generates less food waste than 
conventional supply chains is missing (Forssell and Lankoski, 2015). 
Furthermore, a reduction of food waste does not necessary guarantee an improvement of 
environmental outcomes. For example, a reduction of food waste could be achieved by 
increasing refrigeration or packaging, which incurs an extra environmental burden. Therefore, 
the benefits of reducing food waste could be outweighed by the environmental cost of its 
implementation. 
Life cycle assessment (LCA) is a tool that has been used to compare food supply chain 
environmental performances in regard to agricultural production systems (organic versus 
conventional), food miles (looking at the distances travelled by local versus imported products) 
and packaging differences. To our knowledge, it has yet to be used to compare food supply 
chains with a focus on their food waste. 
This study aims to compare the performance of an AFN and a conventional supply chain in 
regard to food waste generated and its environmental performance. We aim to answer the 
following questions: a) Does an AFN have less food waste than a conventional food supply 




First, we compared the amount of food waste generated by an AFN and a conventional supply 
chain. We considered an Australia AFN that was configured to benefit both farmers and 
consumers while reducing food waste. Empirical data from the AFN was used to create food 
balances, and compare these with overall waste estimates for the conventional supermarket 
model (taken from literature). We included six horticultural products chosen to provide a wide 
variety of agricultural, supply chain and consumer practices. Secondly, life cycle GHG and 
water foot printing was used to compare those two supply chains, in order to determine the 
environmental impacts of both. 
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Given the substantial uncertainty and intrinsic variability in food wastage within specific 
supply chain models, sensitivity analyses for food waste quantities and waste management 
practices was used to test the conclusions.  
 Scope 
 Food supply chain definition and coverage 
The study considers the whole supply chain from farm to household, accounting for food 
wasted at every stage. Two food supply chains are compared, a conventional and an alternative 
one (Figure 12). The study assumes that the consumer is in Brisbane (Australia). 
The conventional food supply chain is characterised by the consumer getting the products from 
a supermarket. This FSC will be called supermarket. In Australia, of the total fruit and 
vegetables sold at retail, 50% is sold through a major supermarket (Australian Competition and 
Consumer Commission, 2008). This supply chain offers consumers all year availability for the 
products included, sourcing them from all over Australia. After being harvested, the product is 
usually transported to a warehouse then to a packing  facility, in which the product is washed, 
sorted and packed.. Later, the product is transported to  the supermarket. The products are not 
directly manipulated at the supermarket warehouse.  
The AFN is represented by a “box scheme” business model, run by “Foodconnect”. This FSC 
will be referred as alternative. Foodconnect provides seasonal and local product to Brisbane 
consumers. One of Foodconnect’s aims is to reduce pressure on farmers by reducing rejection 
of products because of appearance. Foodconnect does not have fruit quality guidelines for 
farmers. Foodconnect source its products directly from farmers, who usually deliver the 
product directly to Foodconnect premises. Farmers sort and pack their product at their farms. 
Foodconnect pack the product in reusable cardboard boxes and deliver it to a “pickup point”, 
where consumers obtain them. At the pickup points, food is not directly manipulated, and only 
boxes are handled. 
The main differences between the AFN under study and a supermarket are: 1) AFN consumers 
do not choose the type of horticultural products they get not the product itself, 2) products from 
the AFN are always sourced from local farmers, 3) AFN does not offer all year availability of 
products, 4) AFN offers a limited amount of products and 5) AFN does not have cosmetic 
standards for horticultural products. 
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 Food waste definition 
We define food waste as any product that, being produced for human consumption, was 
diverted from this purpose by any reason. Food waste includes both the edible part of the 
product and the inedible component of it (e.g. banana peels). We use the terms food waste and 
wastage indistinctly, both referring to the loss of food arising at any stage of the food supply 
chain.  
We are not making the distinction between avoidable and unavoidable fractions of food waste. 
This is because the supply chains studied do not manipulate the food in terms of peeling or 
cutting, so any wasted food along the food supply chain would inevitably include the avoidable 
and the unavoidable fractions together. We consider that all the food that was taken out of the 
studied food supply chains was wasted, we recognise that this might not always be the case as 
out of specification food is sometimes used in the food processing industry. 
 
Figure 12: Food supply chain for horticultural products representation. The supermarket food supply chain is represented by 
consumers sourcing products from supermarkets. The alternative supply chain is represented by consumers getting food 
from a “box scheme” supply company. 
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Farm waste was defined as the product that is not harvested even though it could be eaten by 
humans. It is considered that leaving products unharvested is a waste of resources. Food losses 
due to yield gap are not considered in the analysis. This means that if the crop got damaged by 
climatic conditions and the harvest is lower than the expected, this yield gap is not accounted 
here as food waste. 
 Product type 
The study included six products: bananas, strawberries, lettuce, tomato, broccoli and avocado. 
These six were chosen to cover a range of different supply chain characteristics, considering 
the following three categories: diversity regarding fruits and vegetables’ production systems, 
supply chain management and consumer usage (see Appendix D for details).  
 Food waste data 
Following Gustavsson et al. (2011) food systems descriptions, we considered the following 
food supply chain stages: “Agricultural production”, “post-harvest handling and storage”, 
“processing and packaging” and “distribution”. “The distribution stage” is represented by the 
supermarket premises for the supermarket supply chain and by the picking up point for the 
alternative supply chain. 
 Supermarket supply chain 
A desktop review was performed to obtain food waste fractions, per food category, for every 
stage of the food supply chain. . When available, we used Australian values.  From the available 
data, we selected the maximum and minimum values found for each food supply chain stage. 
Therefore, we generated two supermarket supply chains scenarios; a high and a low.  The two 
scenarios were created to capture the big range available in literature and to acknowledge the 
uncertainty generated by using others countries data for our Australian case study. 
Furthermore, in reality, not all businesses would operate the same, and a range of food waste 
fractions is expected. If for a specific data point we had only one value, it was repeated for both 
scenarios. Farm waste data for avocados and bananas was obtained from personal 
communication with leading Australian researchers in the area. Table 10 provides the values 
used and Appendix D information provides a description of significant publications considered. 
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Tomato 51  71  31 51 2.51 14.72 
Lettuce 53 253 0.51 34 11 7.34 21 92 
Avocado 05  351  31  2.51 252 
Broccoli 103 353 31 186 01  1.51 72 
Banana 27 47 108 308 01 31 59 89 
Strawberry 21 31 1.51  21 31 21 16.42 
1:  (Terry et al., 2011). 2: Buzby et al. (2016) 3: Rogers (2013). 4: Strid and Eriksson (2014). 5: Keating (2017) Per. Comm. 6: 
Wong (2001). 7: Drenth (2017) Per. Comm. 8: White et al. (2012). 9: Council and HAL (2014). 
 
 Alternative supply chain 
Primary data was sourced for the alternative supply chain. Weekly input and output data of 
fruit and vegetables for Foodconnect were obtained for the year 2016. Input data provided 
information on the mass of products purchased from farmers. Output data (also accounted in 
mass), identified the destination of the products (sold or waste). Data was processed, and values 
were validated with Foodconnect personnel to confirm waste fractions calculated.  
Foodconnect estimates that virtually no food waste is generated at “pickup points”. This is 
because the product is not directly manipulated as only boxes are handled. For both scenarios 
modelled, we used the same food waste values for Foodconnect premises and the “pickup 
points”. 
For agricultural production and post-harvest stages, we modelled a low and a high waste 
scenario. The high waste values were obtained from the lower range of food waste identified 
for the supermarket supply chain. With this, we are able to isolate the effect that Foodconnect 
has on food waste generated emerging from their premises (i.e. supermarket low and 
alternative high scenarios only differs in the amount of waste generated at the processing and 
packaging facilities and the distribution centres). We assume that this estimation represents the 
worst-case scenario as if Foodconnect imposed the same strict quality guidelines as the 
supermarket supply chain.  
The low waste scenario values for bananas, strawberries and avocadoes were obtained from 
farmers who supply food to Foodconnect (see Appendix D). For tomatoes, lettuce and broccoli, 
the low waste scenario was assumed to be half of the high one. Taking into account our finding 
that Foodconnect reduces farm and post-harvest waste for the other products under study, we 
believe this is a conservative estimate. Table 11 provides the food waste values used.  
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Product Min Max Min Max Single estimate Single 
estimate 
Tomato 2.52 51 3.52 71 1.53 03 
Lettuce 2.55 54 0.252 0.51 3.23 03 
Avocado 06 06 206 351 1.83 03 
Broccoli 55 104 1.52 31 03 03 
Banana 07 28 17 109 0.43 03 
Strawberry 010 21 110 1.51 3.23 03 
1:  (Terry et al., 2011). 2: Half of identifies in Terry et al., (2011) 3: Primary data from Foodconnect. 4: Rogers (2013) 5: Half of 
identified in Rogers (2013). 6: Keating (2017) Per. Comm. 7: Singh (2017) Per. Comm. 8: Drenth (2017) Per. Comm. 9: White 
et al. (2012). 10: Men (2017) Per. Comm 
 
 
 Consumer food waste 
To account for the possible variability in food waste generated at the consumer stage, we 
modelled high and low consumer food waste scenarios. Because our definition includes the 
unavoidable part of the food, at the consumer end there will always be some food waste (i.e. 
banana peels would always be wasted). We used Quested and Murphy (2014) values for 
household food waste. They found that of the total fruit and vegetables purchased in a 
household, the unavoidable food waste represents 6.3% for vegetables and 22% for fruit. Total 
vegetable waste was 42% and fruit 37%. Following the data source definition, in our estimation 
bananas, strawberries and avocado were considered fruit while broccoli, tomato and lettuce 
were considered vegetables. 
Food waste at the consumer level was accounted as if it was independent of the food supply 
chain from which the food was purchased. This may not be the case as it has been found that 
supply chain practices can influence food waste at the consumer level. For example, package 
sizes or “two per one” supermarket promotions can lead consumers to buy more than needed 
(Quested et al., 2013b). Likewise, Foodconnect consumers do not get to choose what they are 
getting which could lead to more food waste at this stage because of too much supply of a 
certain product. Fruit and vegetable maturity and their supply chain temperature management 
can also influence product deterioration (Terry et al., 2011), and subsequently, consumer 
wastage. 
 Scenarios modelled 
We modelled a high and low food waste scenario for each supply chain, this makes 4 scenarios 
(Alternative-high, alternative-low, supermarket-high, supermarket-low) Then, for each, we 
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modelled high and low consumer food waste scenarios, this created eight scenarios for food 
waste. 
 Life cycle inventory data and method 
The analysis was performed for one kilogram of food eaten by the consumer. Inventories were 
sourced mainly from Ecoinvent (version 3.2) and AusLCI (version 1.26) databases. Simapro 
was the compiling software 
 Agricultural production 
Agricultural production inputs, per food type, were obtained from Australian Life Cycle 
Inventory Database Initiative (AusLCA). We consider that the data used is representative, 
because the growing regions characterised are the same as the growing regions of most of our 
case studies (details in Appendix D). 
 Transport 
Transport type and distances between food supply stages are product and supply chain type 
specific. Distances between packing house and warehouse premises or Foodconnect premises 
are product-specific, depending on the seasonal variation of the growing region and suppliers 
location. We considered that in the supermarket supply chain, consumers buy the products all 
year round, with products coming from different growing areas depending on the season.  
When for a specific product, more than one sourcing location was used, distances were 
calculated using Location weighted average method (Carlsson-Kanyama, 1997), which 
calculates the weighted average distance travelled by products taking in consideration the 
annual production per region. Appendix D provides details of assumptions taken to calculate 
distances. 
For the supermarket supply chain, all transport was done in refrigerated trucks. For the 
alternative supply chain, a non-refrigerated truck was used from packinghouse to Foodconnect 
premises, a van was then used to transport to the pickup points. 
We assumed that consumers make their shopping using a car, driving exclusively to the 
shopping facility and back. We assumed 3 km of travel from the house to the distribution centre 
(supermarket or pickup points). For the supermarket supply chain, and following Nessi et al. 
(2012) and Tua et al. (2017), we have assumed that consumers would buy 30 items in each trip 
to the supermarket, so 1/30 of the trip is attributed to the studied product. For the alternative 
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supply chain, it is assumed that the customer would get only ten products, so 1/10 of the trip is 
attributed to the product. 
 Packaging 
For the supermarket model, food is packed at the packing facility in a cardboard box, which 
does not get reused. Then at the supermarket, it is transferred from the box to a plastic bag. The 
exception being strawberries which get packed in 250 g plastic punnets at the packing facility 
and are not placed in a plastic bag by the consumer. The packaging weight for each food type 
was sourced from a box manufacturing company (Multipack, 2017). Appendix D provides 
detail. Other packaging used, such as picking bins and wooden pallets were not considered in 
the LCA analysis. 
For the alternative supply chain model, there was no single-use packaging considered, as both 
farmers and Foodconnect reuse boxes several times. 
 Waste treatment 
In Australia, non-recyclable domestic and industrial waste is mostly landfilled (Australian 
Bureau of Statistics, 2013), so our model considers that all food waste generated from packing 
facilities, distribution centres and households is taken to landfill. 
Regarding landfill management, in Australia there are some landfills equipped with methane 
capture features, which is estimated to recover up to 50% of methane emissions over their 
lifetime (McCabe and Clarke, 2017). Not all landfills are equipped with such equipment, 
releasing all methane produced. We have evaluated both situations to understand the impact 
that landfill management can have over the total GHG emissions of food provision. Transport 
to the landfill is carried out by waste trucks, for a distance of 60 km. 
We have assumed that food wasted at the farm is composted and incorporated back into the 
soil. 
 Electricity inputs 
Our model included unique supply chain management characteristics for each product, which 
generated product-specific energy requirements. It also consider different consumer 
behaviours. Appendix D provides details of assumptions taken. 
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 Impact categories and characterisation methods 
The two impact categories considered were GHG emissions and water used. We selected these 
indicators because of two reasons. First, it was anticipated that each indicator would provide a 
different story related to the significance of food waste and food supply chain managements. 
Secondly, they are the indicators mostly used when performing LCA analysis so we will be 
able to compare our results with previous ones. For GHG emissions, we estimated the global 
warming potential using a 100-year time horizon and reported as CO2-equivalent (CO2-e) 
emissions. Water use was accounted considering water taken from rivers, lakes and water 
storages. For agriculture, this means that irrigation water was considered, but not rainwater. 
We did not include any account of water stress. 
 
 
6.3. Results and discussion 
 Food waste generated 
Consumer food waste is the biggest contributor of food waste along the food supply chain 
(Figure 13). Figure 13  shows the contribution to total food waste per supply chain stage for 
the eight scenarios modelled (average for all products). Even assuming the highest possible 
supermarket waste and lowest possible consumer waste, consumer waste is still 19% of the 
total. For the alternative-low scenario and high consumer waste, it represents 80% of total food 
waste generated in the whole supply chain. This highlights the importance of consumer 
behaviour as a critical point to reduce food waste. Our results are consistent with previous 
findings (Gustavsson et al., 2011; Quested et al., 2011). 
This suggests that the biggest potential to reduce food waste is out of the scope of the food 
supply chain, as it is at the consumer. There are some recommendations that the food supply 
chain can help to reduce food waste at the consumer end by changing ‘best before’ labels and 
offering packet products of a correct size (Lee and Willis, 2010). Though, none of these 
measures are relevant for the products included in this study, as fresh produce usually don’t 
have best before labels and are most commonly sold loose.  
Our “low consumer waste assumption” considers that consumers would waste only the 
unavoidable fraction of what is purchased. This is a very optimistic assumption, as this means 
that virtually no edible food is wasted by consumers. In reality, it is expected that food waste 
at the consumer level will have a bigger influence over total food waste than what is obtained 
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with the low consumer waste scenario. We did not model how different supply chains could 
influence food waste as information on this, to our knowledge, does not exist.  
Postharvest handling and storage, and agricultural production, are the second and third largest 
contributor to the total food waste. In this stages food is sorted, amongst other things, for 
cosmetic defects. Food distributors influence food waste at this stages by imposing tight 
cosmetic standards (Lee and Willis, 2010). 
Processing and packaging, and distribution, are the stages with the lowest food waste 
generated. This data shows that in general, at this stage there is little room for improvement 
compared to other stages of the food supply chain. The reason for food waste at these stages is 
mostly poor supply chain management (e.g. out of range of optimum temperature or overstock) 
(Lee and Willis, 2010) . 
 
 
Figure 13: Contribution to total food waste per supply chain stage, including consumption stage. Average of all products. 
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Comparing between food supply chains, the supermarket-low and the alternative-high 
scenarios have little difference in their food waste estimations (Figure 14). The same food 
waste fractions for the farm and post-harvest handling and storage stages were used for these 
two scenarios. The small difference found is explained by different levels of food waste in the 
last sections of the food supply chain (i.e. supermarket for the supermarket food supply chain 
and for Foodconnect premises for the alternative supply chain). This means that, within the 
premises, a well-managed supermarket can perform similarly to the facilities of our alternative 
supply chain.  
The difference found in the alternative-high and alternative-low scenarios is explained by food 
waste fractions at the farm and post-harvest handling and storage. The waste fractions for the 
alternative-low scenario of avocado, banana and strawberry were obtained from farmers, who 
agree that their food waste is minimised due to their product being commercialised through the 
alternative supply chain. The wider variety of products’ cosmetics characteristics accepted by 
the alternative supply chain explain the difference. Because of this, we consider that the 
alternative-low scenario provides a better representation of the alternative supply chain. Then, 
the alternative-low scenario illustrates how the overall food waste is lower than both 
supermarket scenarios. 
 











Tomato 7% 13% 16% 28%
Lettuce 6% 8% 8% 39%
Avocado 21% 36% 39% 53%
Broccoli 6% 13% 14% 50%
Banana 1% 12% 16% 40%
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The supermarket-high estimation of total food waste along the supply chain is substantially 
bigger than the supermarket-low one. This reflects the possible range of food waste generated 
between different supermarket supply chains and suggests that there is room for improvement 
within the supermarket premises. 
The supermarket-high estimation of food waste is more than four times bigger than the 
alternative-low supply chain estimate, and the supermarket-low is more than 2 times bigger 
than the alternative-low (Table 12). Therefore, we can conclude that food waste generated in 
the alternative food supply chain is lower than in the supermarket supply chain. 
Tight cosmetic specifications imposed in supply contracts between farmers and supermarkets 
that force farmers to overproduction are often regarded as the main reason for food waste at 
farms and packinghouses (Lee and Willis, 2010; Priefer et al., 2016; Terry et al., 2011). 
Alternative food supply chain farmers supported this argument, considering that their food 
waste was reduced by the lower cosmetic standards imposed by this supply chain. For the 
supermarket to reduce food waste generated at farms and packinghouses, it will require a 
change to the specifications. It is uncertain, however, how the consumer would react to such 
an initiative. 
When comparing across supply chain stages, the relative contribution of food waste generated 
per stage depends on the food type (Table 12). For example, for avocados, the stage in which 
the most significant waste occurs is at the post-harvest handling and storage stage. For broccoli, 
the largest waste occurs at the agricultural production stage. This is explained by the different 
growing characteristics and the agricultural production systems used. In the case of avocados, 
a fruit-bearing tree, all fruit is picked from the tree, regardless of appearance, and is sorted at 
the packinghouse. With this, no food waste is generated at the agricultural production stage. 
Broccoli, on the other hand, is left in the field if it does not meet quality criteria, generating 
food waste at the agricultural production stage.  
There is also a difference regarding total food waste generated across food types. Avocado 
presents the biggest waste percentages, with estimations between 21% and 53% of avocadoes 
wasted along the food supply chain. On the other hand, strawberries present the least waste, 
with a 4-23% range. The difference across food types could be explained by product 
characteristics (i.e. its response to ethylene, maximum storage period and storage temperature). 
The big range found among products highlights the importance of having food waste values 
 The environmental burden of food waste    84 
Beatriz Reutter Susaeta – PhD thesis 
per food type to accurately account for food waste at a country level, account for environmental 
burdens or to create policies (Reutter et al., 2017b). 
 GHG emissions and water used for food supply 
The food waste quantities of the alternative supply chain impose a lower environmental burden 
when compared with the supermarket supply chain. The provision of food through the AFN 
has lower GHG emissions and water use associated with it. On average, GHG emissions from 
the supermarket-low and supermarket-high are 29% and 88% higher than the alternative-low 
scenario. For water use, supermarket-low and supermarket-high scenarios are 15% and 57% 
higher than the alternative-low scenario (Figure 15 and details in Appendix D). Results show 
that water use and GHG emissions are positively correlated with food waste generated in the 
supply chain (See Appendix D for details). Furthermore, food waste is the main factor to 
explain different environmental outcomes between both supply chains. 
Table 12: Food waste percentages per food supply stage and product up to the distribution centre (not accounting for 
consumer food waste). 
  % of waste per stage of the FSC   
Total 
accumulated 

















  % % % % % 
 
Tomato Alternative - Low 2.5 3.5 1.5 0 7 1 
 Alternative - High 5 7 1.5 0 13 2 
 Supermarket - Low 5 7 3 2.5 16 2 
  Supermarket - High 5 7 5 14.7 28 4 
Lettuce Alternative - Low 2.5 0.5 3.2 0 6 1 
 Alternative - High 5 0.5 3.2 0 8 1 
 Supermarket - Low 5 0.5 1 2 8 1 
 Supermarket - High 25 3 7.3 9 39 7 
Avocado Alternative - Low 0 20 1.8 0 21 1 
 Alternative - High 0 35 1.8 0 36 2 
 Supermarket - Low 0 35 3 2.5 39 2 
  Supermarket - High 0 35 3 25 53 2 
Broccoli Alternative - Low 5 1.5 0 0 6 1 
 Alternative - High 10 3 0 0 13 2 
 Supermarket - Low 10 3 0 1.5 14 2 
 Supermarket - High 35 18 0 7 50 8 
Banana Alternative - Low 0 1 0.4 0 1 1 
 Alternative - High 2 10 0.4 0 12 9 
 Supermarket - Low 2 10 0 5 16 12 
  Supermarket - High 4 30 3 8 40 29 
Strawberry Alternative - Low 0 1 3.2 0 4 1 
 Alternative - High 2 1.5 3.2 0 7 2 
 Supermarket - Low 2 1.5 2 2 7 2 
  Supermarket - High 3 1.5 3 16.4 23 5 
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For all products, more than 92% of water use is for irrigation (data in Appendix D). 
Consequently, to reduce water use associated with the provision of food, a reduction of food 
waste is the most significant action available (e.g. the more food wasted, the more water is 
needed to grow it) (beside irrigation efficiency and water saving techniques performed by 
farmers). For the supermarket supply chain, packaging is the second largest water contributor 
(0 -5% depending on the product). Strawberries have the biggest proportion of total water use 
contributed by packaging (5%). This is because they are packed in 250g plastic punnets, having 
a higher product per packaging ratio than the other products. The alternative scenario has no 
water use associated with its packaging. This is because we have not accounted for packaging 
for this scenario (the boxes get reused several times). When aiming to reduce water use, and 
given the small fraction that packaging represents of the total water use of this products 
provision, it would make sense to increase packaging if this would reduce food waste. Dilkes-
Hoffman et al. (2018) have reached the same conclusion.  
Contrary to water use, GHG emissions are influenced by several factors such as agricultural 
practices, methane recovery at landfills, transport, refrigeration and packaging (Figure 16, 
Figure 17 and Appendix D). The two most important contributors to GHG emissions are waste 
management and agricultural practices. They are followed by electricity used in the food supply 
chain. For the alternative supply chain, personal transport also comes as an important 
contributor. Supply chain transport, consumer electricity and packaging materials have little 
influence on total GHG emissions.  
  
Figure 15: Water use and GHG emissions by food type and FSC. Estimates are for the low consumer waste scenarios. For 
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Figure 16: Waste generated, GHG emitted and water use per one kilogram of banana eaten by the consumer. Scenario considered is the low consumer waste and 50% methane recovery. For 
water use, not all contributors shown some are too small to be visible in the graph.
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Landfill emissions are an important contributor to GHG emissions. On average, for all food types, 
for the high consumer waste assumption and for 50% methane recovery, GHG emissions are 0.7 kg 
CO2-e (32%) for the alternative-low scenario and 1.3 kg CO2-e (37%) for the supermarket-high. 
When modelling zero methane recovery, GHG emissions are 1.6 kg CO2-e (52%) for the alternative-
low scenario and 3.0 kg CO2-e (57%) for the supermarket-high. These results lead to two conclusions. 
First, food waste is a substantial contributor to the total GHG emission of food provision. Efforts to 
reduce food waste by the alternative scenario do have an important significance over GHG emissions. 
In this regard, it has to be acknowledged that it’s not possible to avoid all food waste as the 
unavoidable fraction (i.e. peels, pits) will always be wasted at the consumer level.  
Secondly, it shows the impact that a factor out of the influence of the food supply chain has on total 
GHG emissions. The findings open the door to discuss what is the most effective and efficient way 
to reduce GHG emissions related to food provision. It might be that a change on waste management 
could be the best solution. 
Farming practices also contributes a substantial fraction of total GHG emissions for the provision of 
food. For the alternative-low scenario with high consumer waste, they are 0.7 kg CO2-e which 
represent 35% of the total for the 50% methane recovery assumption and 25% of the total for the non-
methane recovery. For the supermarket- high scenario, they are 1.2 kg CO2-e (35% and 24% of the 
total for the zero and 50% methane recovery assumption respectively). Although GHG emissions 
from farming practices are correlated with food waste, most of the emissions are linked to eaten food 
and not the wasted fraction. 
 
Figure 17: Average GHG emissions for the consumption of 1kg of product for two supply chains. 50% landfill methane recovery 
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For the alternative supply chain, consumer transport is an important contributor to GHG emissions. 
For the alternative scenario they are 0.3 kg CO2-e (representing between 10-15% of the total), and 
for the supermarket one, they are 0.1 kg CO2-e (between 2-4% of the total). The difference between 
both supply chains is explained by two factors. First, total GHG emissions allocated to personal 
transport for the alternative supply chain are higher than the ones for the supermarket one. This is 
because we assumed that the buyer would get only ten products on the trip to pickup products from 
the alternative food supply, but for the supermarket will get 30. This way, GHG emissions per product 
are larger for the alternative supply chain. The second reason, is that in total the supermarket supply 
chain has more GHG emissions, reducing the percentage of a certain contributor. These findings are 
consistent with what Coley et al. (2009) have found. 
The potential for waste reduction achieved by the alternative supply chain does provide 
environmental benefits. Reduced waste avoids the environmental impacts associated with 
unnecessary farm production, and with waste disposal. For the GHG and water scenarios considered 
here, these benefits far outweigh any increase in transport or storage energy use along the alternative 
supply chain. 
Although GHG emissions and water use are correlated with food wasted, most of GHG emissions 
and water used for the provision of food cannot be avoided as they are related to food consumed and 
not food wasted. For example, for bananas, GHG emissions related to food waste represents between 
9% and 35% of the total (see Appendix D). Therefore, a reduction in food waste can potentially 
reduce a maximum of 35% of current GHG emissions for the supply of bananas. 
Compared with previously published studies, our results are within the expected range. Published 
work has different system boundaries than ours. To make the comparison, we altered our functional 
unit. Appendix D provides further details. 
When performing an LCA study of horticultural products, the inclusion of food waste values 
drastically changes the GHG emissions and water used per product. This highlights the importance 
of including food waste in LCA studies to fully account for environmental burdens.  
6.4. Conclusions 
Our results show that an alternative supply chain produces less horticultural food waste compared 
with a conventional supermarket one. From an environmental perspective, food waste mitigation 
outweighs potential supply chain inefficiencies. That is, when trying to reduce environmental 
burdens, achieving a reduction of food waste is more important than reducing packaging and food 
miles or achieving supply chain energy efficiencies. 
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 The alternative food network studied produces less food waste than a conventional supermarket, it 
is speculated that lower cosmetic standards for horticultural products is the key reason to explain this 
difference. Even though the AFN produces less food waste, it remains to be understood if their model 
could be scaled up to serve a broader community, retaining its low food waste production. As AFN 
have lower cosmetic standards for horticultural products than a supermarket, the question whether 
the customer is willing to accept this different standard is yet to be answered. 
Because the biggest generators of food waste are consumers, it is fundamental to understand  how 
consumer food waste is affected by the different supply chains. It might be the case that incorporating 
measures to reduce food waste at the consumer is more important than reducing food waste at the 
food supply chain. This is a topic that merits further research. 
Given the influence that food waste has over the environmental burden associated with food 
provision, food waste warrants careful and explicit consideration in food systems LCA. Not only the 
accounting of food waste along the food supply chain needs to be transparent but also the processing 
of food waste should consider diverse scenarios. More data on food waste in the food supply chain is 
needed, and its accounting should be transparent, properly identifying food waste type, product and 
producer. 
As food waste disposal management is a main contributor of GHG emissions associated with food 
provision, policy makers need to consider that waste management can be a cost-effective option to 
reduce GHG emissions associated with food waste. 
Food industry actors aiming to reduce their GHG emissions should consider the reduction of food 
waste as a significant tool to do so. One alternative to achieve this is for the food industry to reduce 
its product cosmetic standards. It is not clear how consumers would respond to this. Another possible 
tool is to encourage the use of technologies (e.g. packaging) that reduce products degradation. 
This study has not considered broader economic, social and environmental effects of reducing food 
waste. The question of how a reduction of food waste would affect the economy and environment as 
a whole is yet to be answered. Important trade-offs could affect the overall results of reducing food 
waste, such as farmers economic return, supermarkets employment, or the rebound effect. 
Nonetheless, the analysis here provides a stepping stone for discussion of supply chain influence on 
food waste. 
The broader community should be aware that to reduce environmental burdens of food provision, 
reducing food waste is a more effective tool than reducing food miles or packaging. Food waste at a 
consumer level has been found to be the biggest contributor of food waste along the food supply 
chain, and as such, provides an important opportunity to reduce foods environmental burden. 
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7. Discussion 
This thesis aims to: “Improve our understanding of food waste and its environmental consequences 
in order to find the most effective solution to reduce environmental burdens of food provision”. 
To achieve this aim, the overarching lessons that can be drawn from the work presented in Chapters 
3 to 6 are: 
 The reduction of food waste offers an opportunity to reduce the environmental burden of food 
provision; 
 Socio-economic and environmental factors need to be considered in order to fully understand 
the consequences of food waste; 
 Food waste needs to be rigorously characterised to estimate its footprint and its implications;  
 Input-output analysis is the preferred methodology to estimate the socio-economic and 
environmental burden of food waste; and 
 A framework that integrates diverse data sources to account for food waste at a country level 
is needed. 
This section explains and discusses these lessons and provides insights into the significance of these 
thesis findings to different stakeholders. 
7.1. The reduction of food waste offers an opportunity to reduce the environmental burden 
of food provision 
The reduction of environmental burdens through reducing food waste could deliver significant 
reductions in GHG emissions and water savings. Reducing food waste has greater environmental 
benefits than reducing energy use, packaging and transport distances associated with food supply. 
This research has shown that food waste is a significant driver for the environmental impact of food 
provision. By lowering food waste, the environmental impact can be significantly lowered (as 
discussed in Chapter 6). To reach this conclusion, this research has compared the environmental 
performance over six horticultural products of two food supply chains: an alternative one and a 
‘conventional’ supermarket supply chain. The alternative supply chain studied, uses a ‘box scheme’, 
the contents of which the consumer is unable to influence and its composed by locally grown and 
seasonal food. The supermarket supply chain is characterised by food obtained by consumers from a 
supermarket. The research was conducted in two stages with an initial review of the food waste 
production and a subsequent quantitative analysis that identified the environmental impact of these 
food supply chains. 
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The supermarket supply chain produced significantly more food waste for the horticultural products 
considered. In this research, the most pronounced difference was observed with bananas, in which 
food waste at the supermarket is more than 30 times larger than in the alternative supply chain. 
Avocados were found to have a limited difference between supply chains, in which food waste at the 
supermarket is 2.5 times the alternative supply chain (see Chapter 6). The high wastage in the 
supermarket supply chain could be explained by the tight cosmetic standards and binding contracts 
imposed by the retail sector (Gustavsson et al., 2011; Stuart, 2009). Cosmetic standards force 
producers to dispose of food when it does not comply with the strict colour, size or shape 
specifications imposed by the supermarket. Another key factor may be supply-guarantee contracts, 
which force farmers to grow more food than is required to meet demand to assure supply in case of 
weather events or other disruptions. 
Acknowledging the above, a direct measure to reduce food waste in the supermarket's supply chain 
could be to lower the cosmetic standards of horticultural products. Though, it is not clear if this would 
have the impact expected, as consumer behaviour to different cosmetic standards has had limited 
investigation. This change in business practice could shift the generation of food waste from the 
horticultural sector to the supermarket and its consumers. If this is the case, arguably, the consumer 
should be influenced to change behaviours and attitudes toward valuing food for its nutritional value 
and flavour and not for its cosmetic appearance.  
The reduction of food waste achieved by the alternative supply chain has environmental benefits. As 
shown in Chapter 6, food waste is a more significant contributor to a product's GHG emissions and 
water use compared with altering transport, packaging and energy for packaging and storage. This 
means that the efficiencies achieved to date within the existing supermarket supply chain, with regard 
to transport and storage, from an environmental perspective have far less impact than reducing food 
waste. 
The water footprint of the horticultural products studied was primarily composed of water use for 
irrigation (more than 92% for each product). This means that the most influential activity over a 
product footprint occurs at the beginning of its production; all other activities within the food supply 
chain have far less influence on a products water footprint. Thus, a reduction of food waste is a 
significant action to reduce a products water footprint.  
The GHG emissions footprint differs from the water footprint, in that it is influenced by more than 
one significant factor. For example, for bananas, on-farm emissions represent only about 14-30% of 
the total, while methane recovery at landfills oscillates between 23-66% (see Chapter 6). This means 
that while food waste is the most important determinant of a product's footprint, its footprint is not 
solely composed of farm emissions but also by the avoidance of end-of-life activities related 
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emissions. Overall, no other activity that contributes to the products GHG emissions is as significant 
as on farm and end-of-life emissions, for this, a reduction of food waste is the most important action 
that food supply chain actors could do to influence a product GHG emissions footprint.  
7.2. Socio-economic and environmental factors need to be considered in order to fully 
understand the consequences of food waste 
In this thesis, the author has proposed to include, not only various environmental factors but also, 
socio-economic indicators. This provides an understanding of the economic barriers and drivers for 
food waste minimisation. For Australia, most water and GHG emissions embodied in food waste are 
incorporated into the products early in the supply chain. In contrast, most surplus and compensation 
to employees incorporated in the footprint of food waste occurs at later stages of the supply chain. 
Chapter 3 identified that the 49% of surplus and 73% of compensation to employees footprint of food 
waste are incorporated by the service and meals providers sector. These findings suggest that reducing 
food waste at a farm level could have positive environmental outcomes with minimal disruption to 
the economy; while reducing food waste at a consumer level could affect the service sector 
employment rates. 
Once accepted that both socio-economic and environmental indicators need to be included, the 
question remains as to which indicators should be used for assessment. In this thesis, the author 
selected the net surplus and compensation to employees as socio-economic indicators, and water use 
and GHG emissions as environmental indicators (refer to Chapter 3 and 6). These have been included 
on the basis that (i) these are the most widely used indicators in scientific and non-scientific literature, 
(ii) they are incorporated to the product's footprint in different stages, and, (iii) the data for these 
elements is readily available. 
7.3. Food waste needs to be rigorously characterised to estimate its footprint and its 
implications 
When estimating the environmental impact of food waste, the capacity to differentiate between food 
types is essential since each food type has a unique set of environmental implications. 
For example, fish and meat products have a water intensity of 11 litres/dollar and 170 litres/dollar 
respectively (refer to Chapter 4). These values imply that per dollar of product, wasting fish has a 
much lower water footprint than wasting meat. 
Furthermore, within the same food group, different foods types significantly vary in their 
environmental impact level, e.g. avocado production has almost four times higher water intensities 
than lettuces (as discussed in Chapter 6). This means that it is not sufficient to discriminate food waste 
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by food groups (e.g. vegetables, meat, grains), and a more detailed differentiation on food types is 
essential (e.g. avocado, lettuce, tomato). 
To further highlight the importance of differentiating food waste by food type, another consideration 
is that the relative environmental impact of food waste is not consistent across environmental 
indicators and food types. For instance, when considering the total impact of all  Australian food 
waste, the dairy and egg category contributes to 8% of GHG emissions and 30% of total water use, 
while meat products contribute to 49% of GHG emissions and 25% of the total water footprint (as 
identified in Chapter 3). This implies that a food type category that is important for one environmental 
indicator is not necessarily important for another. 
The material type definition of food waste refers to the usability of food waste before it is wasted. It 
defines whether the whole food item could have been eaten or whether there were inedible portions 
(e.g.  a banana could be wasted either as a whole piece of fruit or only as the indigestible peel) (World 
Resource Institute, 2016). This definition is essential, as it would assist with determining the possible 
intervention strategies and their significance (see Chapter 3). 
If food waste is mostly composed of the unavoidable fraction of food, then solutions should focus on 
the waste management side of the spectrum. Conversely, if food waste is avoidable then its reduction 
should be the target. In the study of the environmental significance of Australian food waste 
(presented in Chapter 3), this classification of food waste material type was not considered, as 
information in this area within Australia was unavailable. 
 
7.4. Input-output analysis is the preferred methodology to estimate the socio-economic and 
environmental burden of food waste 
Although not a perfect solution, IO was found to be the preferred methodology to estimate the 
environmental and socioeconomic burden of food waste at a country level (as discussed in Chapter 
3). It provides a framework to evaluate environmental and socio-economic indicators together, 
enabling identification of hotspots and trade-offs for the economy as a whole. This method was 
proposed after considering the analytical scope needed and the available methodologies. 
The EeIO technique allows for the incorporation of a whole supply chain coverage, from farm to 
consumer, this permit to understand the trade-offs of different interventions. The technique also 
enables the inclusion of all product and services which encompass economic activity and includes 
information on product usage (exported or consumed within a country). Further, socio-economic and 
environmental indicators can be studied using the same scope, allowing for a better comparison 
between indicators. 
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It also offers a consistent method, producing results that can be compared between different studies. 
It allows to perform inter-regional analysis, and once established is relatively quick to use. 
However, there are some areas of limitation in applying EeIO for estimating the socio-economic and 
environmental consequences of food waste. These areas are related to data disaggregation in input-
output tables, end-of-life GHG emissions and the inclusion of on-farm food waste.  
Generally, there are few sectors and products identified in input-output tables, implying that food 
types need to be aggregated to complete the analysis. This can be problematic, as discussed in Section 
7.3, since the ideal level of detail is at product type. A new IO tool developed, the Industrial Ecology 
Virtual Laboratory (IELab), is now available and allows the user to overcome this obstacle, 
identifying a detail of 1284 products/economic sectors (see Chapter 4). The inclusions of end-of-life 
emissions is not as straightforward to include in the model of EeIO compared to other phases of the 
food supply chain. This can be overcome by performing a hybrid LCA where results obtained with 
EeIO are coupled with process-based LCA information for the end-of-life stage. 
On-farm food waste does not enter the economic system and as such is not accounted as being 
produced as food, nor of having a footprint of any type. This is an important omission as food waste 
at the farm level could be a significant contributor to total food waste (as seen in Chapter 6). As IO 
technique only deals with products that enter the economic system, the account of on-farm food waste 
is by definition out of its scope, which constitutes an important omission. There are several options 
to overcome this impediment, but this thesis does not elaborate on them. 
7.5. A framework that integrates diverse data sources to account for food waste at a country 
level is needed 
Considering the conflicting results obtained from available methods utilised to characterise food 
waste at a country level (Chapter 5), and the importance of properly doing so to analyse possible 
solutions to the problem of food waste, this thesis raise the need to obtain a reliable and replicable 
food waste account. For doing so, it has proposed a set of characteristics that an ideal framework 
should have to characterise food waste at a country level. This framework leverages on the strength 
of available methods and combines the data obtained from them to produce a harmonised account. 
In Chapter 5, the available methods to characterise food waste at a country level were applied to 
Australia as a case study. Results show several inconsistencies within and between studies. This 
provided the basis to identify strengths and limitations of each method used. The research also found 
substantial data gaps to adequately characterise food waste at a country level. Furthermore, a general 
lack of analysis of the significance of the selection of different methods was discovered. 
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It was found that a method that extrapolates sample data, with the extrapolation factor being the 
number of households, produced results that possibly under-estimated Australia's food waste. Total 
food waste using this method can account for less than 30% of the national level household food 
waste estimate based on the Australian Bureau of Statistics. Sample data from bin audits, however, 
could provide useful information on the composition of household food waste. The information on 
the relative presence of some food types within the waste stream could be used as a control point for 
results obtained with other methods. 
The method that disaggregates a national estimate of total waste also produced some questionable 
results. Two major problems were identified for this method. Firstly, the reliability of data to estimate 
total food waste from total waste is problematic. This information is difficult to obtain empirically 
and challenging to estimate. Related to this, not all countries produce an estimate of total waste 
produced, making the method infeasible for some areas. 
Secondly, the proxies used to characterise total food waste by waste producer and food type have not 
been tested. Besides the information provided in this thesis, the only method available in the literature 
to do so is by using economic indicators from an IO table as a proxy. Even though it is mathematically 
valid to disaggregate total food waste using economic indicators, the results obtained do show 
significant inconsistencies. For example, almost 100% of meat and fish purchased by households is 
estimated to be wasted. Using the information contained in an IO table offers the possibility of 
uncovering the transactions made within the economy while identifying the final destination of the 
products. This information could be of great value to understand the flow of food and identify the 
most important actors of a food supply chain. 
A method that disaggregates a national estimate of total available food was also studied. The major 
strength of this approach is that its estimation of food waste is realistic regarding total available food, 
which is information that is available for most countries with an adequate level of accuracy (through 
FAO and its food balance sheets). This ensures that food waste values are within a realistic boundary. 
The issue is the extensive data required for estimating food waste ratios by food category. As there is 
little information in this area, researchers make assumptions by grouping food categories and utilising 
results from other countries or world regions. 
To accurately characterise food waste at a country level, this thesis propose the use of a flexible 
framework with a mass balance as its main method, which allows the combination of  multiple and 
potentially conflicting data sources. The main characteristics of the proposed framework to 
characterise food waste at a country level are: 
 Baseline information: It is proposed that the core method is to perform mass balances starting 
with food availability. 
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 Food waste type: It should allow for the highest level of detail possible regarding food type, 
identifying the most significantly consumed products. Also, it should be able to record food 
waste estimates considering the food waste material type (e.g. avoidable and unavoidable food 
waste). 
 Waste producer categories: Key players in the food supply chain should be identified together 
with different food providers (e.g. restaurants, schools, hospitals) and consumers. 
 The inclusion of farm food waste: The framework should include this measure as it could 
represent a significant portion of total food waste. 
 Timeframe coverage: As food production vary year on year, the framework should be able to 
provide a time series. 
 Conflicting and incomplete wastage fractions: The framework needs to be flexible to combine 
different food waste data allocating them with differing level of uncertainty. 
 Accessibility: The framework should be accessible to the research community, this way 
collaboration would be fostered, and an agreed national estimate of food waste would be 
available. As food waste characterisation is the stepping stone to properly identify the 
environmental consequences of food waste and to define subsequent solutions, it is 
fundamental that national efforts utilise one agreed method to estimate food waste. 
 Updates: New data related to food waste is continuously made available, it is proposed that 
the framework is built with the capability of being easy to update. 
7.6. Significance of this thesis for different stakeholders 
The findings of this thesis have important implications for different stakeholders, as summarised 
below. 
For the civil society, the most important implication is that greater awareness is required of the 
significant contribution that food waste can make to the environmental footprint of food systems. 
Recently, there have been discussions on the importance of food miles and the consumption of locally 
and seasonally grown food to reduce a product’s environmental footprint, however, this thesis shows 
that food waste is by far the most important determinant of foods footprint. A reduction of packaging 
has also been considered as a tool to reduce a product's footprint, but if packaging avoids food waste, 
then its benefits offset its disadvantages, at least from a water and GHG emissions perspective. 
For food supply chain actors, and following the same argument exposed for the civil society, one of 
the most important actions to reduce their food footprints is to reduce food waste. In this respect, tight 
cosmetic standards have been regarded as one of the most significant practices that lead to food waste. 
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Food retailers need to put their effort into reducing not only the food waste generated at their premises 
but the one that its influence by their actions through the food supply chain. 
It is recommended that LCA practitioners account for food waste transparently and comprehensively. 
It is important to account for waste at all stages of the food supply chain as LCA results can vary 
significantly.  
The waste and environmental policy community of Australia need to be aware that current food waste 
analysis carries great uncertainty, hence should be used with caution for the design of interventions. 
However, food waste influenced by supermarkets is an important contributor of the total and efforts 
to reduce it should be made. Consumer education to reduce food waste at households is also an option 
to be explored. Given the influence that food waste disposal routes have over a product’s GHG 
footprint, this should be given further consideration. 
Lastly, a lack of data is currently an important impediment to generate more targeted solutions and to 
benchmark actions. Therefore, the compilation of primary food waste data is fundamental and a 
framework to compile such data should be created. For this exercise to be effective, it should be 
supported by the policy community. 
 
8. Conclusions & Recommendations 
This thesis reviews the relationship between food waste and the environmental burden of food. The 
topic has been studied from three perspectives. First, methods to account for the environmental 
burden of food waste at a country level have been explored. Secondly, issues regarding methods to 
characterise food waste on a broader scale were studied. Lastly, the environmental implications of an 
alternative food supply chain have been analysed. 
When analysing the methodologies to account for the environmental burdens of food waste, the 
following conclusions have been reached: 
 Environmentally-extended input-output analysis has been proposed as the most suitable 
method available to characterise environmental burden of food waste at a country level. The 
advantage related to its inclusiveness regarding food supply chain scope and indicators (socio-
economic ones and environmental ones) is highly beneficial.  
 When estimating the environmental impact of food waste, the capacity to differentiate 
between food types is essential since each food type has a unique set of environmental 
implications. Having information on the usability of the wasted products is fundamental for 
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creating solutions to minimise environmental impact of food waste, as there is no food waste 
to avoid if the consumer is only wasting the unavoidable fractions.  
 Food waste generated in Australia in 2008 embodied 9% of total water use in Australia and 
6% of Australia’s GHG emissions. Most of the water embodied in products was added to the 
footprint at the farm stage, while GHG emissions are added at different stages with the most 
significant being farm level and end-of-life emissions. 
 Australia’s food waste embodied 1% of surplus and also 1% of compensation to employees. 
They are mostly embodied at the later stages of the food supply chain. 
 The importance of state-specific water data is demonstrated for Australia. Agricultural-related 
water multipliers vary significantly amongst State and Territories. Through the exercise, it is 
also revealed some states are virtual-water dependent on others.  
Regarding methods to characterise food waste on a broader scale the following is concluded: 
 It was identified that when available approaches are applied to Australia that these techniques 
produced substantially different results. Several data inconsistencies and substantial data gaps 
to adequately characterise food waste at a country level are shown.  
 Due to the lack of consistency between different estimation of Australians food waste, relying 
on these numbers as a baseline to set and evaluate food waste reduction targets and to 
determine environmental footprint of food waste could be problematic. 
 The exercise revealed a general wealth of data on the consumer end compared with earlier 
stages of the food supply chain. The stage that has less publicly available data is at the farm 
level. This means that an essential part of the story could be less visible, and food waste 
reduction campaign, misinformed by lack of data, could be missing the opportunity to address 
food waste where it could be most beneficial. 
 To accurately characterise food waste at a country level, this thesis proposes the use of a 
flexible framework with a mass balance as its primary method, which allows combining 
multiple and possible conflicting data sources. 
Regarding the assessment of the environmental implications of an alternative food supply chain, it 
has been found that: 
 The supermarket supply chain produces significantly more food waste than the alternative 
food supply chain studied for the horticultural products considered. 
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 Consumers are the most significant generator of horticultural food waste. This is partly 
explained due to consumers discarding the non-edible fractions of food. For example, even 
though the consumer would eat all the purchased bananas, they would nevertheless, waste 
approximately 35% of the bananas when wasting the inedible peel (accounted in mass terms). 
 Food waste is a significant driver for the environmental impact of food provision. By reducing 
food waste, the environmental impact can also be lowered. 
 The reduction of food waste achieved by the alternative supply chain has environmental 
benefits. Results show that food waste is a more significant contributor to a product's GHG 
emissions and water use compared with altering transport, packaging and energy for 
packaging and storage. This means, benefits of scale, regarding transport and storage, 
achieved by a supermarket, from an environmental point of view, are not as important as 
reducing food waste. 
8.1. Recommendations for future research 
This thesis uses EeIO and process base LCA as a tool to estimate socio-economic and environmental 
consequences of food waste; it also explores data issues for doing so. The results and discussion 
presented are useful for both, to advance our knowledge on the topic and to identify opportunities for 
future research. Research opportunities identified are: 
 Create a framework to estimate food waste at a country level. Such framework should 
combine current data sources, take advantage of different strengths of available methods and 
be easily accessible and updated by the scientific community. This thesis provides an analysis 
of strengths and weaknesses of available methods to estimate food waste, arguing that it is 
possible to combine their strength to obtain the most accurate measure of food waste. 
 Estimate food waste at a country level. After building the suggested framework, food waste 
for Australia should be quantified. The quantification needs to identify food waste producers 
and food waste types (including food type and food waste material type). This thesis shows 
that consequences of food waste varies significantly depending on the food waste type and 
where in the food supply chain the waste is produced, hence it is imperative to identify these 
attributes to propertly estimate food waste at a country level. 
 To populate the proposed food waste framework and to accurately estimate food waste for 
Australia, primary data on food waste quantities for the food supply chain, in particular for 
the agriculture production phase is needed.  
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 Within the food supply chain, the supermarket has been regarded as one of the most influential 
actors. Investigation is needed into how they incentivise food waste, both at earlier stages of 
the food supply chain and at the consumer level. 
 Understand how cosmetic standards of horticultural products affect consumer food waste. 
Related to this, the effect that different supply chains have on consumer food waste is unclear. 
The alternative supply chain studied, in which the consumer does not get to choose the amount 
or type of products, could generate even more food waste at the home as a consumer could 
get unwanted products. How different supply chains could influence consumers food waste is 
a topic that warrants further research. This includes understanding possible outcomes, should 
supermarkets lower their cosmetic standards. 
 Improve the understanding of consequences of reducing food waste from a socio-economic 
perspective. The emphasis should be on the consequences to the food supply chain actors of 
reducing food waste at a consumer level and at the farm level. 
 To investigate how to include on-farm waste into the account of EeIO analysis. 
 Given that food provision is the sector that contributes the most to Australian water footprint, 
the reduction of food waste is proposed as a tool to reduce Australian water scarcity. Though, 
further research is warranted. 
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Appendix A        Food waste consequences: Environmentally extended 
input-output as a framework for analysis 
 
Reutter, B., Lant, P., Reynolds, C., Lane, J., 2017. Food waste consequences: Environmentally 




Table A.1: Industries categorization on primary and secondary industries. All industries present in EORA database not here listed are 
accounted for tertiary industries.  
 
Industry type Industry 
Primary industries (farm level) 
Sheep and lambs 





















Secondary Industries (food industry) 
Meat products 
Fresh meat 
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Oils and fats 
Rice products 
Plain flour 






Pies, cakes, biscuits 
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Table A.2: List of food waste types selected and their grouping. 
Food waste type Grouping food waste types into categories 
Oats, sorghum and other cereal grains Cereals, grains and sugar (processed and unprocessed) 
Wheat Cereals, grains and sugar (processed and unprocessed) 
Barley Cereals, grains and sugar (processed and unprocessed) 
Rice Cereals, grains and sugar (processed and unprocessed) 
Sugar cane Cereals, grains and sugar (processed and unprocessed) 
Rice products Cereals, grains and sugar (processed and unprocessed) 
Plain flour Cereals, grains and sugar (processed and unprocessed) 
Flour mill products Cereals, grains and sugar (processed and unprocessed) 
Gluten Cereals, grains and sugar (processed and unprocessed) 
Self-rising flour Cereals, grains and sugar (processed and unprocessed) 
Raw sugar Cereals, grains and sugar (processed and unprocessed) 
Refined sugar Cereals, grains and sugar (processed and unprocessed) 
Untreated milk Dairy and egg 
Dairy cattle Dairy and egg 
Eggs Dairy and egg 
Dairy products Dairy and egg 
Treated milk Dairy and egg 
Cheese Dairy and egg 
Butter Dairy and egg 
Legumes Fruit veg 
Vegetables Fruit veg 
Fruit Fruit veg 
Vegetable products Fruit veg 
Fruit products Fruit veg 
Sheep and lambs Meat 
Beef cattle Meat 
Pigs Meat 
Poultry Meat 
Meat products Meat 
Fresh meat Meat 
Offal, hides, skins, blood meal Meat 
Poultry, slaughtered Meat 
Oilseeds Oil and fats 
Butter oil Oil and fats 
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Appendix B        Direct and indirect water use within the Australian 
economy  
Supplementary Information 
1 Method specifications 
1.1 Monetary input-output table 
A monetary input-output table (MIOT), with supply and use format, was sourced from IELab (Lenzen 
et al., 2014). IELab is a software that produces environmentally extended, multi-region input-output 
tables from multiple, incomplete and conflicting datasets. 
The MIOT structure is flexible and can be tailor-made to answer specific research questions. Both, 
the spatial disaggregation and the sectors disaggregation can be modified by the user. The spatial 
disaggregation could be as many as 2,214 spatial units defined as Australian Statistical Area Level 2, 
which in total cover all Australia, or as little as Australia as a whole. The industry disaggregation 
follows the Australian classification “IOPC” which includes 1,284 industries, which can be 
aggregated according to the specific research needs. The parameters used for this research are 
presented in Table B.1. 
IELab can be accessed online through https://ielab-aus.info/IndustrialEcology/ 
Table B.1: Configuration settings and data used for constructing the IO tables 
Step Setting Description 
Specify regional structure 
of the IO tables 
Select the Region Aggregator 
   
AustralianStatesAndTerritoresAlphabeti
cal 
Standard input file specifying that an 8-region (state & 
territory) output is required. 
Specify sectoral structure 
of the IO tables 
Select the Sector Aggregator 
IOPC09_Water43_Reutter_08031
5 
Customised input file that aligns the required 43-sector IO 
classification with a pre-defined IELab root classification. 
Generate an Initial 
Estimate of inter-regional 
trade flows for the 2009 
IO table. 
Selected ‘Initial Estimate’ method: 
AFLQ 
 ABS release #5209 provides balanced IO tables 
for the entire country (single region) and 109 
sectors, for the years 2009. These are used as the 
primary data source to generate the initial 
estimates (ABS 2012). 
 “Flegg's adjusted location quotient” is a flexible 
algorithm used to estimates inter-regional flows. 










 ABS5206NationalAccounts: ABS release #5206 
provides estimates of gross domestic products and 
its components together with states final demand, 
the national income account and the national 
capital account information that by IELab to 
spatially disaggregate the IO tables.  
 ABS5220StateAccount : ABS release No 5220 
provides state and territory estimates of Gross 
domestic product and its components, for the 
years 1989-90 to 2014-15. 
 ABS8221ManufacturingSupertable, 
ABS8221Manuf020 and ABS8221Manuf0506: 
ABS release N0 8221 provides information about 
Australian employment, wages and salaries, sales 
and service income, and industry value added 
(IVA) classified by industry class for the years 
2000-2007 
 Balancing: Ensure the IO tables are balanced to 
respect accounting principles. 
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The original table utilised is stored on IELab server, to get a copy of it please ask for it at 
https://ielab.info/ . It can be retrieved utilising the following identifications:  
 Run date: 20150317 
 Phase: 465 
 Loop: 055 
 
1.2 Water data 
Water use data was obtained for each year under study from the Australian Bureau of Statistics (ABS) 
publication “4610.0 - Water Account, Australia” (Australian Bureau of Statistics, 2010). Australian 
Bureau of Statistics has been producing water accounts from 1993, and it is considered a reliable 
estimation of Australian water use (Vardon et al., 2007). 
Concept definitions and data sources 
The Australian Bureau of Statistics defines water consumption as: 
“Equal to the sum of Distributed water use, Self-extracted water use and Reuse water use, less Water 
supplied to other users, less In-stream use. This figure takes into account the different characteristics of 
water supply and use of industries and is a way of standardising water use, allowing for comparisons 
between industries (ABS, 2013c).” 
It is worth noticing that the difference between water consumption and water use will be considerable for those 
industries that have in-stream use or supply water to other users, like the Water Supply, Sewerage and Drainage 
Services, Electricity Supply, Gas Supply, and Mining industries. For all other industries water use and water 
consumption are the same. 
Regarding the definition of industries the ABS states:  
“This water account presents an industry view of ‘Agriculture’. The ‘Agriculture’ industry view presents 
only the agricultural activity that occurs in businesses where the primary income producing activity (i.e. 
the activity with value added that exceeds the value added of any other activity carried out by the same 
business) of the business is agricultural production. Businesses which undertake some agricultural 
activity but for which other activities provide most of the income are excluded from the ‘Agriculture’ 
industry view. For example, a business which generates most of its income from transporting 
agricultural produce, but also grows some agricultural commodities would be classified to the 
‘Transport, Postal and Warehousing’ industry. The agricultural production is still counted but is 
attributed to the ‘Transport, Postal and Warehousing’ industry (ABS 2013c).” 
The ABS compiles the Australian National Water Accounts from various sources, with each release year using 
a unique combination of surveys depending on the available data. Data is obtained from surveys undertaken 
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by ABS, as well as state, territory and local government agencies, water authorities and industry organisations. 
We encourage the reader to seek advice from the ABS if further clarification is needed. 
Water data structure 
Every year has a different sector disaggregation, so, for example, the year 2001 presents nine different 
industries for what in other years is accounted as only one under the classification of ‘Other Industries’. To 
obtain the same sectors for all four years, we disaggregated data into different industrial sectors using proxies 
found in ‘4610.0 - Water Account, Australia’ (ABS, 2006; ABS, 2010; ABS 2013c) or ‘4618.0 - Water Use 
on Australian Farms’ (ABS, 2013b).  
Once data was arranged in the appropriate structure of 43 sectors, then we proceed to allocate losses reported 
under the water supply sector to water users. This was performed by allocating water losses accounted initially 
in the water supply sector proportionally to a sector’s water use. Water losses were obtained from ABS (2010).  
Water losses are reported differentiating between rural and urban users. Rural users are defined as agriculture 
and mining activities. 
 
Table B.2 provides the data obtained and method used for the year 2009. Table B.3 provides a 
summary of data manipulation used for each specific year. Table B.4 provides detail of data sources 
for losses.
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Table B.2: Sector alignment between the 2009 ABS water account data (31 sectors), and the 43 sectors used for this analysis. The ‘Consumption’ estimates provide a national-scale indication of the 
scale of the redistribution, although note that these national usage estimates are not used per se, as state-based estimates are appended to the IO tables for the analysis. The estimates for ‘consumption 
water’ are used as a proxy for allocating distribution losses across each sector, also implemented at a state-level. 
2009 ABS Water Account 
(national-level summary) 














Sheep, beef cattle and grain farming 2,187,946 Sheep, beef cattle and grain farming1 1,517,200 348,988 1,866,188 
    Rice1 73,580 16,925 90,504 
    Other cereals for grain or seed1 597,166 137,361 734,527 
Other crop growing 1,903,415 Cotton2 937,976 215,754 1,153,730 
    Sugar cane2 811,225 186,599 997,824 
    Other broadacre crops2 154,214 35,473 189,687 
Fruit and tree nut growing 1,079,633 Fruit trees, nut trees, plantation or berry fruits3 565,503 130,078 695,581 
    Grapevines3 514,130 118,261 632,391 
Mushroom and vegetable growing 430,074 Mushroom and vegetable growing5 430,074 98,926 529,000 
Poultry farming 24,237 Poultry farming5 24,237 5,575 29,812 
Other livestock farming 94,639 Other livestock farming4 95,304 21,922 117,226 
Deer farming 665      
Aquaculture 3,641 Aquaculture5 3,641 838 4,479 
Forestry and logging 103,339 Forestry and logging5 103,339 23,770 127,109 
Fishing, hunting and trapping 8,768 Fishing, hunting and trapping5 8,768 2,017 10,785 
Agriculture, forestry and fishing support services 121,554 Agriculture, forestry and fishing support services5 121,554 27,960 149,514 
Dairy cattle farming 1,298,375 Dairy cattle farming5 1,298,375 298,654 1,597,029 
Nursery and Floriculture production 58,079 Nursery and Floriculture production5 58,079 13,359 71,438 
Coal mining 100,060 Coal mining5 100,060 23,016 123,076 
Oil and gas extraction 37,068 Oil and gas extraction5 37,068 8,526 45,594 
Metal ore mining 282,080 Metal ore mining5 282,080 64,884 346,964 
Non-metallic mineral mining & quarrying 41,249 Non-metallic mineral mining & quarrying5 41,249 9,488 50,737 
Exploration and other mining support services 45,749 Exploration and other mining support services5 45,749 10,523 56,272 
Food, beverage and tobacco product 275,656 Food, beverage and tobacco product5 275,656 27,805 303,461 
Textile, leather, clothing and footwear 11,530 Textile, leather, clothing and footwear5 11,530 1,163 12,693 
Wood, pulp, paper and converted paper product 91,039 Wood, pulp, paper and converted paper product5 91,039 9,183 100,222 
Printing (incl the reproduction of recorded media) 4,738 Printing (incl the reproduction of recorded media)5 4,738 478 5,216 
Petroleum, coal, basic chemical and chemical product 66,470 Petroleum, coal, basic chemical and chemical product5 66,470 6,705 73,175 
Polymer, rubber and non-metallic mineral product 29,636 Polymer, rubber and non-metallic mineral product5 29,636 2,989 32,625 
Primary metal, metal and fabricated metal product 150,978 Primary metal, metal and fabricated metal product5 150,978 15,229 166,207 
Transport equipment, machinery and equipment 10,026 Transport equipment, machinery and equipment5 10,026 1,011 11,037 
Furniture and other 980 Furniture and other5 980 99 1,079 
Electricity and gas supply 324,884 Electricity and gas supply5 324,884 32,771 357,655 
Water supply, sewerage and drainage services 2,309,855 Water supply, sewerage and drainage services7 2,309,855 
-              
2,195,352 114,503 
Waste collection, treatment and disposal services 7,536 Waste collection, treatment and disposal services5 7,536 760 8,296 
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Other industries 1,138,585 Construction8 24,738 2,495 27,233 
    Wholesale & retail trade8 112,676 11,366 124,042 
    Accommodation, cafes & restaurants8 70,894 7,151 78,045 
    Transport & storage8 74,924 7,558 82,482 
    Finance, property & business services8 118,148 11,918 130,066 
    Government administration8 77,138 7,781 84,919 
    Education8 63,627 6,418 70,045 
    Health & community services8 55,882 5,637 61,519 
    Cultural, recreational & personal services8 540,556 54,526 595,082 
Households 1,818,330  Households5 1,818,330 183,414 2,001,744 
1: 'Sheep, beef cattle and grain farming' disaggregated using % allocation from Water Use on Farms 2009 between ('Pasture for grazing', 'pasture cur for hay', pasture cur for silage', 'pasture for seed 
production', 'Cereal crops cut for hay', 'Cereal crops not harvested for grain seed or cut for hay') , 'Cereal crops harvested for grain or seed' and 'Rice'. 
2:  'Other crop growing' allocated using Water Use on Farms 2009 categories 'Cottom', 'Sugar cane' and 'Other broadacre crops'. 
3: 'Fruit and tree nut growing' allocated using Water USe on Farms between 'Fruit trees, nut trees, plantation or berry fruits' and 'grapevines' 
4: Sum of WAA "Other livestock farming' and "Deer farming" 
5: Direct from WAA 
7: From WAA minus system losses 
8: To be disagregated using the fraction of year 00-01 sub sectorsby states. ACT uses the same as NSW 
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Table B.3: Sector alignment method for all data years. 
Sector 
Type of data 
manipulation       
Data year 2000-01 2004-05 2008-09 2011-12 
Release (year) 2004-05 2004-05 2008-09 2011-12 
Sheep, beef cattle and grain farming 3.6 3 4.3 4.4 
Rice 1 1 4.3 4.4 
Other cereals for grain or seed 3.6 1.1 4.3 4.4 
Cotton 1 1 4.2 4.2 
Sugar cane 1 1 4.2 4.2 
Other broadacre crops 3.6 3.1 4.2 4.2 
Fruit trees, nut trees, plantation or berry fruits 1 1 4.1 4.1 
Mushroom and vegetable growing 1 1 1 1 
Grapevines 1 1 4.1 4.1 
Poultry farming 3.6 3 1 1 
Other livestock farming 3.6 3 1.3 1.3 
Aquaculture 3.5 3.1 1 1 
Forestry and logging 3.5 3.2 1 1 
Fishing, hunting and trapping 3.5 3.2 1 1 
Agriculture, forestry and fishing support services 3.5 1.2 1 1 
Dairy cattle farming 1 1 1 1 
Nursery and floriculture production 3.6 3.1 1 1 
Coal mining 1 1 1 1 
Oil and gas extraction 1 1 1 1 
Metal ore mining 1 1 1 1 
Non-metallic mineral mining & quarrying 3.3 3.3 1 1 
Exploration and other mining support services 3.3 3.3 1 1 
Food, beverage and tobacco product 1 1 1 1 
Textile, leather, clothing and footwear 1 1 1 1 
Wood, pulp, paper and converted paper product 1 1 1 1 
Printing (incl the reproduction of recorded media) 1 1 1 1 
Petroleum, coal, basic chemical and chemical product 1 1 1 1 
Polymer, rubber and non-metallic mineral product 1 1 1 1 
Primary metal, metal and fabricated metal product 1 1 1 1 
Transport equipment, machinery and equipment 1 1 1 1 
Furniture and other 1 1 1 1 
Electricity and gas supply 1 1 1 1 
Water supply, sewerage and drainage services 1 3.4 1 1 
Waste collection, treatment and disposal services 1 3.4 1 1 
Construction 1 2 2 2 
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Wholesale & retail trade 1 2 2 2 
Accommodation, cafes & restaurants 1 2 2 2 
Transport & storage 1 2 2 2 
Finance, property & business services 1 2 2 2 
Government administration 1 2 2 2 
Education 1 2 2 2 
Health & community services 1 2 2 2 
Cultural, recreational & personal services 1 2 2 2 
Type of data manipulation         
1: Direct from that year WAA      
1.1: Direct from WAA05 Grains      
1.2: Direct from WAA05 Services to agriculture; hunting & trapping      
1.3: Sum of "Other livestock farming' and "Deer farming."      
2: WAA-Y 'Other Industries' disaggregated using WAA01 subsectors. ACT uses the same as NSW    
3: WAA05 'Livestock' and 'Pastures' disaggregated by 'Sheep...', 'Poultry' and 'other 'livestock' from WAA09 
3.1: WAA05 Other disaggregated between 'other broad acre crops', 'Aquaculture' and 'Nursery' from WAA09    
3.2: WAA-Y 'Forestry and fishing' disaggregated by 'forestry and logging' and 'Fishing…' from WAA09. ACT was disaggregated using NSW one 
3.3: WAA-Y 'Other mining' to be disaggregated using WAA09 fractions      
3.4: WAA-Y 'Water supply, sewerage & drainage services' disaggregated using WAA09 subsectors 
3.5: WAA01 'Forestry…' and 'Service to Agriculture…' disaggregated into ‘Aquaculture’, ‘Forestry and logging’, ‘Fishing, hunting and trapping’, ‘Agriculture, forestry and 
fishing support services’ using WAA09 
3.6: WAA01 'Livestock, pasture, grains & other' disaggregated into ‘Sheep, beef cattle and grain farming’, ‘Other cereals for grain or seed’, ‘Other broad acre crops’, ‘Poultry 
farming’, ‘Other livestock farming’, ‘Nursery and floriculture production’ using WAA09 
4.1: WAA-Y for 'Fruit and tree nut growing': % allocation from WUF-y between 'Fruit trees, nut trees, plantation or berry fruits' and 'grapevines.' 
4.2: WAA-Y for 'Other crop growing':  % allocation from WUF-Y between 'Cotton', 'Sugar cane' and 'Other broad acre crops'. For ACT and NT WAA12 was allocated 100 to 
'other crop growing' 
4.3: WAA for 'Sheep, beef cattle and grain farming':  % allocation from WUF09 between ('Pasture for grazing', 'pasture cut for hay', pasture cut for silage', 'pasture for seed 
production', 'Cereal crops cut for hay', 'Cereal crops not harvested for grain seed or cut for hay') , 'Cereal crops harvested for grain or seed' and 'Rice'. 
4.4: WAA12 for 'Sheep, beef cattle and grain farming':  % allocation from WUF12 between (‘Pastures and cereal crops used for grazing or fed off’, ‘Pastures and cereal crops 
cut for hay’, ‘Pastures and cereal crops cut for silage’), ‘Rice’, ‘Other cereals for grain or seed’ 
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Table B.4: Data sources for system water losses. 
Year Sourcing document Table 
2000-01 4610.0 - Water Account, Australia, 2000-01 (ABS, 2006) 3.14 System Water Losses 2000-01 
2004-05 4610.00 Water Account, Australia, 2004-05 (ABS, 2006) 
3.23 Distribution Losses, By type of water 
provider 2004-05 
2008-9 4610.0 - Water Account, Australia, 2008-09  (ABS, 2010) 
4.17 Distribution Losses, by type of water 
provider—2004– 05 and 2008– 4.17 09 
2011-12 
46100DO003_201112 Water Account Australia, 2011-12 
(ABS, 2013a) 6 Water distribution losses 
 
1.3 Aggregation of sectors for results presentation 
To presents results, sectors aggregation was done as shown in Table B.5. 
Table B.5: Aggregation of sectors for results presentation. 
Category Industries included 
Food Agriculture Sheep, beef cattle and grain farming 
Poultry Farming 
Other livestock farming 
Aquaculture 
Fishing, hunting and trapping 
Dairy cattle farming 
Rice 
Other cereals for grain or seed 
Other broad acre crops 
Fruit trees, nut trees, plantation or berry fruits 
Vegetables for human consumption 
Grapevines 
Sugar cane 
Other Agriculture Cotton 
Forestry and logging 
Agriculture, forestry and fishing support services 
Nurseries, cut flowers and cultivated turf 
Food Industry Food, Beverage and Tobacco Product 
Meal providers Accommodation, cafes & restaurants 
Health & community services 
Energy Electricity and gas 
Water Supply Water supply, sewerage and drainage services 
Mining Coal mining 
Oil and gas extraction 
Metal ore mining 
Non-metallic mineral mining & quarrying 
Exploration and other mining support services 
Other Industry Textile, Leather, Clothing and Footwear 
Wood, Pulp, Paper and Converted Paper Product 
Printing (incl the Reproduction of Recorded Media) 
Petroleum, Coal, Basic Chemical and Chemical Product 
Polymer, Rubber and Non-Metallic Mineral Product 
Primary Metal, Metal and Fabricated Metal Product 
Transport Equipment, Machinery and Equipment 
Furniture and Other 
Other Services Waste collection, treatment and disposal services 
Construction 
Wholesale & retail trade 
Transport & storage 
Finance, property & business services 
Government administration 
Education 
Cultural, recreational & personal services 
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2 Results 






Product ACT NSW NT QLD SA TAS VIC WA AUSTRALIA
Sheep, beef cattle and gra in farming 47       207     126     170     156     225     185     83       170             
Rice 40       189     125     160     130     254     178     74       154             
Other cereals  for gra in or seed 33       189     124     162     131     255     178     75       155             
Sugar cane 60       149     119     221     155     101     115     95       184             
Other broadacre crops 43       202     126     167     150     235     183     81       165             
Frui t trees , nut trees , plantation or berry frui ts 112     290     131     181     250     138     220     146     220             
Mushroom and vegetable growing 112     290     131     181     250     138     220     146     219             
Grapevines 113     290     131     182     250     137     220     146     218             
Poultry farming 26       48       34       45       40       42       40       30       41               
Other l ivestock farming 29       141     116     129     105     196     135     64       121             
Aquaculture 6         9         10       10       9         14       8         7         11               
Da iry cattle farming 33       189     124     162     129     253     177     74       158             
Forestry and logging 13       24       16       43       15       19       13       285     56               
Fi shing, hunting and trapping 6         10       12       22       7         12       6         8         12               
Agricul ture, forestry and fi shing support services 32       267     44       202     58       69       74       44       146             
Cotton 53       285     97       192     172     105     152     95       196             
Nursery and floricul ture production 114     289     131     182     250     137     220     146     219             
Coal  mining 4         4         42       3         1         9         1         3         3                 
Oi l  and gas  extraction 1         1         7         2         1         1         1         2         2                 
Metal  ore mining 3         9         11       5         5         12       3         7         7                 
Non-metal l ic minera l  mining & quarrying 2         5         3         15       6         4         4         31       16               
Exploration and other mining support services 2         3         9         3         5         3         3         7         5                 
Food, beverage and tobacco product 43       57       71       71       58       60       56       44       57               
Texti le, leather, clothing and footwear 10       14       18       16       14       19       16       11       14               
Wood, pulp, paper and converted paper product 6         6         6         7         12       66       10       16       11               
Printing (incl  the reproduction of recorded media) 3         3         3         3         4         14       3         4         3                 
Petroleum, coal , bas ic chemica l  and chemica l  
product 3         4         6         4         4         4         3         6         4                 
Polymer, rubber and non-metal l ic minera l  product 3         3         5         4         3         5         4         4         4                 
Primary metal , metal  and fabricated metal  product 3         4         19       5         7         5         3         5         5                 
Transport equipment, machinery and equipment 2         2         3         2         2         3         2         3         2                 
Furni ture and other 3         3         7         3         4         11       3         4         4                 
Electrici ty and gas  supply 4         11       5         13       4         4         18       10       12               
Water supply, sewerage and dra inage services 23       11       19       6         3         24       16       6         10               
Waste col lection, treatment and disposal  services 1         7         1         1         1         1         1         1         3                 
Construction 3         3         3         3         4         4         3         3         3                 
Wholesa le & reta i l  trade 4         5         6         5         6         7         5         5         5                 
Accommodation, cafes  & restaurants 15       15       15       16       16       16       14       16       15               
Transport & s torage 3         3         4         3         3         4         2         3         3                 
Finance, property & bus iness  services 2         2         3         3         3         3         2         2         2                 
Government adminis tration 2         3         9         3         3         3         3         3         3                 
Education 2         2         6         3         3         3         2         3         2                 
Health & community services 3         4         4         4         4         4         3         3         4                 
Cul tura l , recreational  & personal  services 8         10       7         10       14       9         11       13       11               
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Appendix C        The challenge of characterising food waste at a national 
level – an Australian example 
Reutter, B., Lant, P.A., Lane, J.L., 2017. The challenge of characterising food waste at a national 








Figure C.1. provides a representation of our regional scope. We include all food waste generated in 
Australia, regardless of if it is produced for the export of food. Farm waste is not considered. 
 
 
Figure C.1.: Conceptual overview of the Australian food system, identifying the key points of food wastage, and highlighting (in 
grey) the waste streams considered in the analysis of this study 
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1.2 Summary of characteristics of methods used 
 
Table C.1 : Characteristics of methods used. 
                                                                                       
Method 
 
                                                                                      






Disaggregation of total food waste 
Extrapolation of 
sample data 





characterisation studies    x x 
Total food waste  x x x  





Availability of data to to 
characterise household 
food waste Rare Common Rare Common Common 
To estimate commercial 
and industrial food 
waste Rare Common Rare Rare Rare 
Cost to obtain base data High Medium Medium High High 






identified  Few 
Plenty - 
depends on IO 
table structure 
Plenty - 
depends on IO 
table structure Few Few 
Number of food waste 
producers identified Few 
Plenty - 
depends on IO 
table structure 
Plenty - 
depends on IO 
table structure Few Few 
Information on material 
type? No No No Yes Yes 
Accounts for informal 
waste? Yes No No No No 
Other 
Uncertainty allocated No No No No No 
Replicability Difficult Easy Easy Difficult Difficult 
 
 
1.3  Further consideration for the application of method 2ALL 
 
In this research, to disaggregate total food waste using data from monetary input-output tables (2ALL), 
we used the same economic proxies as considered in Reynolds (2013). We do have a concern in how 
well the selection of such proxies represent food waste generation per industry. Reynolds (2013) 
application of this approach uses to build the proxy three economic indicators; industry inputs, outputs 
and employment (by sector), all taken from the MIOT database. While that sensibly attempts to 
account for a range of factors (e.g. industry size; number of employees) that can all influence the 
nature and scale of food waste generation in different businesses, further critique would be useful to 
determine whether their somewhat arbitrary approach to combining those factors is having an 
appropriate influence on the results. 
 
1.4  Monetary input output table compiled for methods 2ALL and 3ALL 
 
A monetary input output table (MIOT) was sourced from IELab (Lenzen et al., 2014). IELab is a 
software that compiles multiple, incomplete and conflicting datasets by solving constrained 
optimisation problems to produce environmentally extended, multi-region input output tables. The 
tables are in supply use format. The MIOT structure is flexible and can be adjusted to the researchers 
needs using a set of different parameters. 
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The tables are created using the user’s inputs for its structure, this is, the user defines the spatial and 
industry’s disaggregation of the MIOT created. The spatial disaggregation could be as many as 2,214 
spatial units defined as Australian Statistical Area Level 2, which in total cover all Australia, or as 
little as Australia as a whole. The industry disaggregation follows the Australian classification 
“IOPC” which includes 1,284 industries, that can be aggregated according to the research needs. The 
user select the MRIO table structure through concordance tables available in the software or build 
specially for the research by the user. 
 
The user can also define which constraint to use and the time series required. IELab can be accessed 
online through: https://ielab-aus.info/IndustrialEcology/ 
For this research, the parameters used are as follow: 
 Initial Estimate selected: AFLQ 
o This is the default value and recommended by Lenzen et al. (2014) 






o At the time of MIOT compilation for this research, these were the constraints 
recommended to be used by IELab developers 
 Industry Aggregator used: IOPC09-FoodWaste-Reutter20151029 
o The table was specifically created to suit the purpose of this research. It identifies 77 
industries with focus on food production (25 primary agriculture and aquaculture 
industries, 17 food industries, and 35 other industries and services). It can be 
accessed through the IELab portal. Industries identified are present in Table C.4. 
 Region Aggregator used: AustralianStatesAndTerritoresAlphabetical 
o This table identified Australian states and territories. For the purpose of the research 
the spatial disaggregation was then aggregated to create a table for Australia as a 
whole. 
The original table utilised is stored on IELab server, to get a copy of it please ask for it at: 
https://ielab.info/ . It can be retrieved utilising the following identifications:  
Run date: 20151030 
Phase: 465 
Loop: 076 
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1.5   Physical input output table compiled for method 3ALL 
 
A physical input output table (PIOT) was compiled using the MIOT extracted from IELab as a base 
and data of food availability in Australia obtained from various Australian Governments departments.  
The PIOT constructed accounts for the flow of food through the Australian economy, not accounting 
for any other physical flow (i.e. metals, fibre). It identified food exported and used by Australian final 
demand. 
Table C.2 provides quantities of food used together with their data sources. For agriculture products 
that are processed by a food industry in order to be consumed (such as wheat that is made in to flour 
or animal products) technical conversion rates used were sourced by (FAO, 2016). 
The table was constructed by allocating food proportionally to each industries, exports and final 
demand purchased of each food item. The following is an example of the calculations: 
If 400 tons of apples were produced, and final demand bought $7 out of the $12 paid for apples by 
all industries plus final demand and exports, then final demand bought 233 tons of apples (400*7/12= 
233). This calculation was done for each of the food categories, therefore we obtained information 
on the destination of each food category creating a PIOT as shown in table C.3. 
 




produced MIOT   PIOT 
 Apples Meat 
Final 
demand   Apples Meat 
Final 
demand 
 Mass (tons) (monetary terms)   (Mass terms, tons) 
Apples 400 1 4 7  Apples 33 133 233 




1.6 Approach 1ED alignment 
 
Gustavsson et al. (2011) provide data of food wasted at the consumer level considering all places in 
which it is actually eaten (i.e. households, restaurants and canteens). In order to be able to compare 
results with other approaches, we estimated total food waste at the consumer level using Gustavsson’s 
method and then disaggregated the results by using household purchases and industries inputs from 
the compiled MIOT to obtain “household food waste” and “commercial and industrial consumer food 
waste”.  An example of the calculations performed: 
Gustavsson’s estimated consumer food waste: 150 tones 
MIOT household expenditure in food: $70 
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MIOT commercial and industrial sector (other than industries part of the food supply chain) 
expenditure in food: $30 
Therefore:  
Food wasted by households: 150 * (70/(70+30))= 105 tons 
Food wasted by commercial and industrial sector: 150 t (30/(70+30))=45 
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source Table number in data source Notes 
Sheep and lambs 541 315 226 Abares 151 Australian supply and use of lamb and mutton   Missing Sheep 
Oats, sorghum and 
other cereal grains 
3,813 468 3,345 
Abares 
26 Australian coarse grains area, yield and production, by state  a 
continued, 33 Australian coarse grains supply and disposal, by grain Imports from FAO foodbalance sheet 2010 
Wheat 27,605 18,584 9,021 Abares 198 Australian wheat supply and disposal  a Imports from FAO foodbalance sheet 2010 
Barley 
8,002 4,625 3,377 
Abares 
26 Australian coarse grains area, yield and production, by state, 27 
Summary of Australian statistics for barley, crops sown for grain Imports from FAO foodbalance sheet 2010 
Rice 
723 65 658 
Abares 
176 Summary of Australian statistics for rice , 177 Australian rice 
trade and payments to growers Imports from FAO foodbalance sheet 2010 
Legumes 2,566 1,430 1,136 Abares 172 Summary of Australian statistics for pulses Imports from FAO foodbalance sheet 2010 
Oilseeds 2785 1252 1533 FAO Food balance sheets   
Beef cattle 2,129 1,358 771 Abares 137 Australian supply and use of beef and veal   
Untreated milk 9,793 - 9,793 Abares 60 Australian production of wholemilk, by state   
Pigs 396 270 125 Abares 147 Australian supply and use of pig and chicken  meats   
Poultry 1,013 38 975 Abares 147 Australian supply and use of pig and chicken  meats   
Eggs 178 - 178 FAO Foodbalance sheets 2010   
Lettuces 145 1 144 Abares Table 129 Production and trade for Australian vegetables   
Tomatoes 357 9 348 Abares Table 129 Production and trade for Australian vegetables   
Other vegetables, fresh 
or chilled, grown 
undercover 
1,500 70 1,430 
FAO 
Foodbalance sheets 2010 Imports from FAO foodbalance sheet 2010, only 
carrots and mushrooms 
Potatoes, sweet 
potatoes and edible 
roots and tubers nec 
grown outdoors 
1,139 58 1,080 
Abares 
Table 129 Production and trade for Australian vegetables 
Includes only potatoes 
Onions grown 
outdoors 
342 54 288 
Abares 
Table 129 Production and trade for Australian vegetables 
  
Other fruit (kiwifruit, 
berries, olives, 
stonefruit) 
1 - 1 
ABS 
71210DO001_201011 Agricultural Commodities, Australia, 2010-
11 Imports from FAO foodbalance sheet 2010 
Grapes - table 
182 2 181 
Abares 
Table 127 Australian production and trade for grapes and dried vine 
fruit Imports from FAO foodbalance sheet 2010 
Apples, pears and 
quines - fresh and sun-
dried 
754 7 747 
Abares 
Table 128 Production and trade for Australian fruit 
Imports from FAO foodbalance sheet 2010 
Citrus fruit - fresh and 
sun-dried 
570 107 462 
Abares 
Table 128 Production and trade for Australian fruit, ABS 
Agricultural commodities Imports from FAO foodbalance sheet 2010 
Bananas - fresh and 
sun-dried 
203 - 203 
Abares 
Table 128 Production and trade for Australian fruit 
Imports from FAO foodbalance sheet 2010 
Seafood ex.fish 
232 20 213 
Abares 
93 Summary of Australian fisheries production, 94 Australian 
exports of edible fisheries products, 98 Australian imports of edible 
fisheries products   
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Raw fish 
628 23 605 
Abares 
93 Summary of Australian fisheries production, 94 Australian 
exports of edible fisheries products, 98 Australian imports of edible 
fisheries products Imports from FAO foodbalance sheet 2010 
Dairy products exc. 
Milk 
534 294 240 
Abares 
56 Summary of Australian statistics for dairy products, 58 Volume 
of Australian exports of dairy products, by destination, 66 Volume 
of Australian imports of cheese, by variety   
Treated milk 
10,122 341 9,781 
Abares 
56 Summary of Australian statistics for dairy products, 58 Volume 
of Australian exports of dairy products, by destination   
Oils and fats 4,274 1,745 2,529 Abares 160 Summary of Australian statistics for oilseeds  Imports from FAO foodbalance sheet 2010 
Flour 195 - 195 FAO Foodbalance sheets 2010 Imports from FAO foodbalance sheet 2010 
Other food products 
manufacturing 
115 - 115 
FAO 
Foodbalance sheets 2010 
  
Sugar 3,816 2,735 1,080 Abares 185 Australian sugar production Imports from FAO foodbalance sheet 2010 
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1.7 Food types concordance table for alignment between methods  
 
Table C.4;  Concordance table between food categories for different methods used. 
 
                           Approach 
Used for results 
presentation 
1ED( from Gustavsson et. al 
(2011)) 
5ALL and 4ALL from EC Sustainable 
Pty Ltd (2014) 
5ED and 4ED from EC Sustainable 
Pty Ltd (2014) 2ALL and 3ALL from IO tables 
Bakery   Bakery Bakery Bread, pies, cakes, biscuits 
   Cake/dessert Cake/dessert Breakfast foods 
   Confectionery/snacks Confectionery/snacks Other food products manufacturing 
     Rice products 
     Confectionery 
        Sugar 
Dairy/eggs Eggs Dairy/eggs Dairy/eggs Dairy products exc. Milk 
  Milk   Eggs 
     Treated milk 
        Untreated milk 
Fruit Fruit Fresh fruit Fresh fruit Apples, pears and quines - fresh and sun-dried 
  Processed Fruit Processed fruit Processed fruit Bananas - fresh and sun-dried 
   Skins (bananas, etc) 
 
Citrus fruit - fresh and sun-dried 
     Fruit products 
     Grapes - table 
        Other fruit (kiwifruit, berries, olives, stonefruit) 
Meat/fish (uncooked) Fish & Seafood Meat/fish (uncooked) Meat/fish (uncooked) Beef cattle 
  Meat Bones/pips/corn cobs/egg shells  Fresh meat 
  Processed Fish and Sea food   Offal, hides, skins, blood meal 
     Pigs 
     Poultry 
     Raw fish (chatch and aquaculture) 
     Sheep and lambs 
Staple foods/Meals Cereals Meals (home cooked/pre-prepared) Meals (home cooked/pre-prepared) Barley 
  Oilseeds & Pulses Condiments/sauces/herbs/spices Condiments/sauces/herbs/spices Fish processed canned frozen 
   Staple foods Staple foods Flour 
   Tea bags/coffee grounds 
 
Legumes 
     Meat products 
     Oats, sorghum and other cereal grains 
     Oils and fats 
     Oilseeds 
     Pasta 
     Rice 
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        Wheat 
Vegetables Veg Fresh salad leaves  Fresh salad leaves  Lettuces 
  Roots & Tubers Fresh vegetables Fresh vegetables Onions grown outdoors 
  Processed Veg Processed veg/salad Processed veg/salad Other vegetables, fresh or chilled, grown undercover 
   
Peelings/stems/outer leaves 
 
Potatoes, sweet potatoes and edible roots and tubers nec grown 
outdoors 
     Tomatoes 
        Vegetable products 
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1.8 Industries concordance table for alignment between methods  
 
 
Table C.5: Concordance table between industries for different method used. 
Category used Approach 1ED                Approach 2ALL and 3ALL 
Agriculture Agriculture Production Sheep and lambs Other fruit (kiwifruit, berries, olives, stone fruit) 
   Oats, sorghum and other cereal grains Grapes – table 
   Wheat Apples, pears and quines - fresh and sun-dried 
   Barley Citrus fruit - fresh and sun-dried 
   Rice Bananas - fresh and sun-dried 
   Legumes Seafood ex. Fish 
   Oilseeds Raw fish (catch and aquaculture) 
   Beef cattle Alcoholic Drinks 
   Untreated milk Other Agricultural Products (considering forestry and other agricultural services) 
   Pigs Grapes for wine 
   Poultry Dairy cattle 
   Eggs Cotton 
   Lettuces Wool 
   Tomatoes Feed and forage 
   Other vegetables, fresh or chilled, grown undercover Tobacco Product and pet food 
   
Potatoes, sweet potatoes and edible roots and tubers not 
else clasified grown outdoors  
    Onions grown outdoors   
Food Industry 
Post-harvest, Handling and 
Storage Meat products Flour 
  Processing and packaging Fresh meat Breakfast foods 
   Offal, hides, skins, blood meal Pasta 
   Dairy products exc. Milk Bread, pies, cakes, biscuits 
   Treated milk Confectionery 
   Vegetable products Other food products manufacturing 
   Fruit products Sugar 
   Oils and fats Fish processed canned frozen 
    Rice products Soft drinks 
Retail Distribution Wholesale & retail trade   
C&I 
Consumption Consumption Coal mining Electricity, gas,  
   Oil and gas extraction Water supply, sewerage and drainage services 
   Metal ore mining Waste collection, treatment and disposal services 
   Non-metallic mineral mining & quarrying Construction 
   Exploration and other mining support services Accommodation services 
   Textile, Leather, Clothing and Footwear Food providers (Café, restaurants) 
   Wood, Pulp, Paper and Converted Paper Product Transport & storage 
   Printing (incl the Reproduction of Recorded Media) Business services (i.e. Finance, property) 
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   Petroleum, Coal, Basic Chemical and Chemical Product Government administration 
   Polymer, Rubber and Non-Metallic Mineral Product Education 
   Primary Metal, Metal and Fabricated Metal Product Health & community services 
   Transport Equipment, Machinery and Equipment Cultural, recreational & personal services 
    Furniture and Other manufacturing   
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2 Results for methods 2ALL and 3ALL of commercial and industrial sectors 
 
Methods 2ALL and 3ALL provides great disaggregation in terms of industries producing food waste and 
the type of wasted food. This is because they disaggregate food waste based on an input-output table 
(MIOT for approach 2ALL and PIOT for method 3ALL), identifying the same amount of industries as 
present on the IO table. For this research, as the MIOT and PIOT identified 77 industries, we obtained 
results with this detail. In order to present results we have group these 77 industries in to 20. We 
identified 42 food type categories. 
Methods 2ALL and 3ALL differs on their estimations of both, food waste by producer and food waste by 
food category (Figures C.2 and C.3). The results are expected as both methods base their estimations 
on two different types of data. Because method 2ALL base their data on MIOT, it is expected to see 
that the most expensive foods are wasted the most (Figure C.3). On the other hand, method 3ALL bases 
their estimations on a PIOT, hence the estimation that the most available foods in terms of weight, 
are the food categories most wasted is not unforeseen. 
This difference provides evidence that, even though they are mathematically valid approaches to 
disaggregate food waste, conclusions made based on them have to be taken with care until there is 




















Commercial and industrial food waste by food waste producer
2ALL
3ALL
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Commercial and Industrial food waste by food type
2ALL
3ALL
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3 Comparison of results with other Australian data 
 
Previous analysis in Australia, by Ridoutt et al. (2014) calculated the total dairy waste for the 
economy, using an alternative top-down approach to those employed in this study. Their 
method combined the total (national) estimates for total available food with an estimate of 
population food intake, estimating total dairy waste as the difference between the two. Their 
results are presented for the year 1995. The measure of total available food (= food production 
+ imports – exports) is identical to the starting point used in our method 1ALL, albeit for a 
different base year, and the many studies who follow the approach of Gustavsson et al. (2011). 
The dairy food intake estimate is based on nutrition data from the National Food Consumption 
Survey, last compiled in 1995.  
Due to different system boundaries and food categories, this is the only study available for 
Australia that can be compared with our estimates. 
By adding our estimates of commercial and industrial waste with the equivalent estimates for 
household waste, for the dairy food category, we are able to obtain waste estimations that are 
comparable in scope with the Ridoutt et al. (2014) results. Our method 1ALL, which works from 
the same initial data, is the most directly comparable (albeit using a different base year). Our 
methods 2ALL and 3ALL have the same supply chain scope, but only account for waste flows to 
the formal solid waste system. Given that an important fraction of dairy waste is disposed down 
the sewer (Ridoutt et al., 2014; WRAP, 2009a), which is incorporated in the Ridoutt et al. 
(2014) scope, the comparison with these methods can be indicative only. 
Taking this into account we would expect that our results might be lower than those from 
Ridoutt et al. (2014). As Table C.6 shows, this is the case for three methods employed in our 
study. That our results for method 3ALL are only marginally lower than those from Ridoutt et 
al. (2014), suggests that perhaps method 3ALL could be over estimating food waste for this 
sector. However, further analysis would be required to provide a more robust comparison, and 
would need to consider the potential for change between the different base years. 
We consider that a more contemporary application of this concept, whereby population intake 
estimates are used to provide a macro-level waste balance that captures all possible waste 
destinations, would be extremely useful for Australian policy makers. Further improvements 
might isolate the balance to just the consumer population, calculating consumer waste as the 
difference between consumer purchases and consumer intake. Data for the former could be 
derived from monetary input-output tables (MIOT). Such an application would achieve the 
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benefits of the Ridoutt et al. (2014) method, without the downsides of losing detail along the 
supply chain. 
 
Table C.6: Comparison of obtained results with literature values. Results shows dairy product waste for the whole food 
supply chain.  
Source/method Data Year Economy wide 
waste (1000 t) 
% of total 
available dairy 
1ED 1997-2011 2206 21% 
2ALL 2010-13 1573 15% 
3ALL 2010-11 2886 27% 
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Appendix D        An alternative food network reduces 
environmental burdens by reducing food waste 
 
1. Method details 
1.1. Horticultural products considered 
The research included products that had different: 1) growing characteristics, 2) supply chain 
management, and 3) consumer usage (see Table D.1). This different characteristics were sought 
to include a wide variety of scenarios. For example, annual crops grown in the open field (e.g. 
tomatoes) and fruit bearing trees (e.g. apples) were included, also products eaten raw (e.g. 
lettuce) and products that needs to be cooked for consumption (e.g. broccoli). Also, only 
products that are of relevance for Australian consumers were included (Table D.2). 
Table D.1: Agricultural practices, supply chain management and consumer usage of products included in the research. 
Products selected for the research present a wide variety of characteristics.  
 Agricultural practices Supply chain Management Consumer Usage 
Product Cultivation 
type 




























No 0 °C 2-3 
weeks 
Raw Refrigerator 










Broccoli Open field Annual 
vegetable 
No 0°C 6 weeks Usually 
cooked 
Refrigerator 
Banana Orchard Banana 
plantation 
can last for 
25 years or 
longer 




Strawberry Open field Annual 
vegetable 





1 Cantwell (2001)  
 
Table D.2: Consumption per capita per year and % of household that buy a specific fruit or vegetable in Australia (Australia, 
2016). 
Product % of Australian 
household that 




Tomato 85 10.2 
Lettuce 68 5.1 
Avocado 56 3.1 
Broccoli 74 2.5 
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Banana 96 15.6 
Strawberry 73 2.6 
1.2. Supermarket food waste data 
The scientific literature search was done through Web of knowledge search engine. List of 
keywords used is available in Table D.3. The search was conducted from January to May 2017. 
Scientific literature and grey literature were included. Citing papers and references of the found 
papers were also followed. Grey literature was composed mostly of industry and government 
reports and was search through a web browser. The publications in which the research relied 
the most are Buzby et al. (2016) and Terry et al. (2011). 
 Buzby et al. (2016) is a publication by The United States Department of Agriculture (USDA). 
It published food waste data for supermarkets for 25 fruits and 31 vegetables. The study 
included weekly sales and procurement data from roughly 2,900 stores and published data for 
four years. To our knowledge, there is no other data set as comprehensive as this one for this 
stage of the supply chain. Despite this data set not providing Australian values, we consider 
this source the best available information for our case study for all products except bananas (as 
there are food waste values for bananas in the Australian context). 
Terry et al. (2011) is a publication by The Waste & Resources Action Programme. This is the 
UK leading organisation on food waste prevention and measurement. The report publishes 
valuable information on food waste at every stage of the supply chain for four vegetables and 
seven fruits. The data was obtained primarily from semi-structured interviews with fresh 
product companies (45 interviews). The interviewed companies represent more than 60% of 
the UK market share. For the agricultural production phase, the study only considered UK 
grown conditions, which can vary significantly from Australian conditions.  
Table D.3: Keywords used for literature review 
Keywords used in literature review  
Waste Strawberry 
Wastage Apple 
Food losses Potato 
Food wastage Carrot 
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Table D.4 presents all food waste values found, their source and regional representativeness. 
Important remarks of the data found are: 
 Document type: Food waste data is usually available from waste-oriented reports, and 
as found by Corrado et al. (2017) and Gruber et al. (2016) most LCA studies do not 
consider food wasted on the food supply chain. 
 Regional representativeness: Australian data is incomplete, and data from other 
developed countries was used. We consider that this would add a layer of uncertainty 
to the results. 
 Supply chain representativeness: The distribution part of the food supply chain is the 
stage that has more information on food waste generated. The “post-harvest handling 
and storage” and “processing and packaging” stages are the stages with the less 
information. 
 Data range: In some cases, there is a big data range on the data presented. For 
example, values presented for banana waste at the farm level range from 10-30 % 
(White et al., 2011). For tomatoes, at the distribution stage, values range from 2.5% 
(Terry et al., 2011) to 14.7% (Buzby et al., 2016). 
 
   
146 
 
Table D.4: Literature values found for food waste data at every stage of the food supply chain. All values are expressed as % of waste occurring at a specific stage. Some publications provide a 
minimum and a maximum value, some only a single estimate. 
Product Data source Study location Agricultural production  
Postharvest handling and 
storage  
Processing and 
packaging  Distribution 















Tomato Terry et al. (2011) UK 5   7   3 5 2.5 3 
  Buzby et al. (2016) USA             11.9 14.7 
  Eriksson et al. (2012) Sweden             0.9   
 Gustavsson and Stage (2011) Sweden       2  
Lettuce Terry et al. (2011) UK 5 10 0.5 2 1   2   
  Buzby et al. (2016) USA             6.4 9 
  HAL (2013) Australia 14               
  Strid and Eriksson (2014) Sweden 10 20 3   7.3   3.4   
  Eriksson et al. (2012) Sweden             2.1   
  Rogers (2013) Australia 5 25             
Avocado Terry et al. (2011) UK     35   3   2.5 5 
  Buzby et al. (2016) USA             17.2 25 
Broccoli Terry et al. (2011) UK 10   3   0   1.5 3 
  Buzby et al. (2016) USA             6.5 7 
  HAL (2013) Australia 31               
  Rogers (2013) Australia 10 35             
  Wong (2001) Australia 14   18           
Banana Council and HAL (2014) Australia             5 8 
  Terry et al. (2011) UK     3   0 3 2   
  Buzby et al. (2016) USA             4.1 4.1 
  White et al. (2011) Australia    10 30          
  Eriksson et al. (2012) Sweden             0.57   
Strawberry Terry et al. (2011) UK 2 3 1.5   2 3 2 4 
  Buzby et al. (2016) USA             12.5 16.4 
 Gustavsson and Stage (2011) Sweden       4.8  
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1.3. Foodconnect farmers interviews 
Table D.5: Personal communication undertaken with farmers from Foodconnect, products supplied and their contribution to 
total Foodconnect sales. 
Farmer Date Products supplied to 
Foodconnect 
% of total product sales by 
Foodconnect that are 
supplied by this farmer  
Pim Men  08/05/2017 Strawberry 50% 
Neville Singh 16/05/2017 Banana 60% 
Brian Keating1 18/05/2017 Avocado 5% 
1: Brian Keating is the former Executive Director of CSIRO's Agriculture, Food and Health Sector, so even though he only supply 5% of 
Foodconnect total Avocado sales, we consider the information provided by him as a well-informed opinion. 
1.4. Consumer waste estimations 
Quested and Murphy (2014) “Household food and drink waste: A product focus” report appears 
to be the most comprehensive information available for household food waste characterisation 
as a percentage of purchases. They include, and differentiate, avoidable and unavoidable 
fractions of food waste providing an explanation of the reasons for food being wasted at UK 
households. To obtain their results they used multiple research methods, combining 
information from local government and waste management facilities together with waste 
compositional analysis studies (bin audits, sample size 1,800 households) and kitchen diaries 
(sample size 948 participants). The study was peer reviewed, and uncertainty on data is 
discussed. To our knowledge, there is no other as comprehensive and robust study of the sort. 
1.5. Agricultural production LCA inventory details 
Table D.6 provides detail of agricultural production inventories used. 
Table D.6: Inventory data used for agricultural production and its representativeness for research case study. 
Product AusLCA 












Tomato Tomato, ground, 
Burdekin 
High High For the supermarket supply chain, 
65% is assumed to come from the 
identified.  
Lettuce Lettuce, winter, 
Lockyer Valley 
High High All lettuce modelled is assumed to 
come from this region. 
Avocado Avocado, Hass, 
Brisbane Moreton 
Medium-High High For the supermarket model, we 
consider that 70% of the avocado 
comes from the identified region. 
Broccoli Broccoli, winter, 
Lockyer Valley 
High High All broccoli modelled is assumed to 




High Medium Alternative supply chain source 
bananas from northern New South 
Wales, which has different 
agroclimatic conditions. Major 
differences are related to irrigation 
and pesticide requirements. They 
would need fewer pesticides and  
more irrigation than what the 
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High High We consider that only 50% of 
strawberries comes from Brisbane 
Moreton region, the rest from 
Victoria. Though, agricultural 
practices for strawberries grown in 
Victoria should not be substantially 
different from the ones identified in 
the inventory. 
1.6. Transport 
Distances assumed for each step of the food supply chain are presented in Table D.7, 
assumption taken are presented in the subsequent sections. Transport types and their accounting 
method are presented in Table A.8. 
Table D.7: Distances assumed for every stage of both supply chains considered. 




supermarket warehouse or 
Foodconnect premisses 
Supermarket warehouse to food 
connect premises to distribution 
points (supermarket or pickup points) 
Supermarket or 
pickup point to 
household 
Supermarket 20 km Tomato 711 km 25 km 3 km 
Lettuce 95 km 
Avocado 1963 km 
Broccoli 87 km 
Banana 1627 km 
Strawberry 944 km 
Alternative 0 km Tomato 238 km 10 km  3 km 
Lettuce 205 km 
Avocado 98 km 
Broccoli 102 km 
Banana 154 km 
Strawberry 137 km 
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Table D.8: Transport type and their accounting method. 
Transport type Description 




Account per km travelled and kg 
transported. 
Van Account per km travelled and kg 
transported. 
Car Accounts per km travelled. 
Waste truck Account per km travelled and kg 
transported. 
1.6.1. Supermarket supply chain 
We considered that in the supermarket supply chain, consumers buy the products all year 
round, with products coming from different growing areas depending on the season. It was 
assumed that all product was transported in refrigerated trucks. Different assumption taken for 
travel distances are described below: 
 From farm to packing house: For all food types, we assumed a 20 km distance 
between farm and packing house. In reality, some farms have their own packing 
houses and some farmers rent the services from packinghouses located in their 
regions. 
 From packing house to supermarket warehouse: For this section, distances were 
product-specific, depending on the seasonal variation of the growing region. 
Distances were calculated using Location weighted average method (Carlsson-
Kanyama, 1997), which calculates the weighted average distance travelled by 
products taking in consideration the annual production per region Table D.9 shows 
calculated distances, assumptions and rationale and Table D.10 provides assumed 
products sourcing locations and their distances to supermarkets warehouse. Data was 
sourced from Australian Bureau of Statistics (2012), Australia (2016) and distances 
were calculated using Google map software. 
 From supermarket warehouse to supermarket: We assumed the same distance for all 
food types to be 25 km, which is the distance from a major supermarket chain storage 
facilities to Brisbane city centre.  
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Table D.9: Travel distances from packing house to the supermarket warehouse for the supermarket model. Distances were 
calculated using Location weighted average method (Carlsson-Kanyama, 1997). Production regions and quantities sourced 
from Australian Bureau of Statistics (2012), production seasonality by state sourced from Australia (2016). 
Product Distance (km) Main assumption Rationale 
Tomato 711 km 
Assumed that 65% of tomatoes 
come from Mackay and 35% 
from Wide Bay area. 
- 39% of Australian tomatoes are grown in 
Queensland (Qld). 
- Tomato is produced in Qld all year round, so it is 
assumed that all of the tomatoes sold in Brisbane 
comes from Qld. 
- 50% of total Qld tomatoes are produced in 
Mackay area and 27% in Wide Bay. 
Lettuce 95 km  
Assumed that 70% of lettuces 
come from Toowoomba and 
30% from Ipswich. 
- 29% of Australian Lettuces are grown in Qld. 
- Lettuce is produced in Qld all year round, so it is 
assumed that all of the lettuces sold in Brisbane 
comes from Qld. 
- 63% of total Qld lettuces are produced in 
Toowoomba and 27% in Ipswich. 
Avocado 1963 km  
Assumed 70% comes from Qld 
and 30% from Western 
Australia. 
For the ones grown in Qld, it is 
assumed that 60% comes from 
Childers and 40% from 
Atherton. Western Australia 
production comes from Bunbury. 
- 67% of Australian production is in Qld but is 
only produced from March to September. 
- Western Australia produces 15% of Australian 
avocados from July to March.  
- 46% of Qld production is from Childers area and 
30% from Atherton area. 
- Western Australia production occurs in Bunbury. 
Broccoli 87 km 
Assumed that broccolis would 
come: 40% from Ipswich and 
60% from Toowoomba. 
- 26% of Australian Broccoli is produced in Qld. 
- Qld produces Broccoli all year round. 
- Major production areas for Qld are Ipswich and 
Toowoomba (37 and 49%). 
Banana 1627 km 
Assumed 100% of product from 
Innisfail (North Queensland) 
- Qld produces 95% of Australian bananas. All 
year round. 
- 90% of Queensland production occurs in Cairns 
region. More than 80% of production is from 
Innisfail. 
Strawberry 944 km 
Assumed that 50% comes from 
Qld and 50% from Victoria. 
For Qld, assumed 100% from 
Beerwah.  
For Victoria, assumed 100% 
come from Melbourne – outer 
east region. 
- 43 % of Australian strawberries are produced in 
Queensland, from May to Nov.  
- 35%  of Australian strawberries are produced in 
Victoria from October to June.  
- 61% of Queensland production comes from 
Moreton Bay - North (Beerwah). 68% of Vic 
come from Melbourne - Outer East, assumed 
100% from there. 
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Table D.10: Products sourcing location, its distance to warehouse and the contribution of each location to each product 
sourcing. Production regions and quantities sourced from Australian Bureau of Statistics (2012), production seasonality by 
state sourced from Australia (2016). 
Product Product sourcing 
region (name of 
closest town) 
Distance to warehouse 
(Km) 
% of total sells sourced 
from this location 
Tomato Mackay 960 65% 
 Wide Bay 248 35% 
Lettuce Ipswich 39 30% 
 Toowoomba 119 70% 
Avocado Childers 343 42% 
 Atherton 1718 28% 
 Bunbury 4460 30% 
Broccoli Ipswich 39 40% 
 Toowoomba 119 60% 
Banana Innisfail 1627 100% 
Strawberry Beerwah 105 50% 
 Lilydale 1784 50% 
1.6.2. Alternative supply chain 
For the alternative supply chain the packing facilities are located within the farm premises. 
From the farms to the premises of the alternative supply chain distances were calculated using 
Location weighted average method (Carlsson-Kanyama, 1997), with data sourced from 
Foodconnect and Google maps. Table D.11 shows calculated distance travelled per food type, 
products towns of origin and their distance to Foodconnect premises. Foodconnect provided 
insight on the percentage of food sourced from each location. A non-refrigerated truck was 
considered to be used for all products. From Foodconnect premises to the “pick up points” it is 
assumed that food travel 10 km, which is the distance from Foodconnect to Brisbane city 
centre, a van is used for this purpose. 

















Tomato 238 Bundaberg 369 20 
  Kia Ora 220 35 
  Thulimbah 190 35 
  Standthorpe 209 10 
Lettuce 205 Kia Ora 220 50 
  Thulimbah 190 50 
Avocado 98 Mt Cotton 35 35 
  Kandanga 167 35 
  Mt Tamborine 75 10 
  Durandah 110 10 
  Tenthill 75 10 
Broccoli 102 Woombye 130 50 
  Tenthill 75 50 
Bananas 154 Mullumbimby 150 40 
  Bangalow 158 60 
Strawberries 137 Wamuran 85 50 
  Cottonvale 190 50 
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1.7. Energy inputs 
Every product has unique supply chain management characteristics that generate different 
electricity consumption patterns. Electricity consumption included in our model are: 
 Farm, all models: Electricity inputs considered for this stage are the ones incorporated 
in each food type LCA inventory; we did not alter the values presented. 
 Packing facilities, all models: Electricity required to operate the packing line 
(mechanical energy and lighting) estimated as 0.04 kWh/kg for all products (Bouwer 
et al., 2010). Table D.12 presents the energy values considered per product type for 
cooling and storage at this stage of the supply chain. 
 Warehouse, supermarket model: It is assumed that all products are stored for three 
days at this facilities consuming 0.016 kWh/kg (Ekman et al. 2016). 
Table D.12: Energy input considered for cooling and storage at packing facilities per product type. Optimal storage 
temperatures were sourced from A. Kader (2017). 
Product Activities included Value Rationale/source 
Tomato Cooling product 
using forced-air 
tunnel and storage 




Ekman et al. (2016) estimate that one week of 
warehouse storage consumes 0.038 kWh/kg. 
Lettuce Cooling product 
using forced-air 
tunnel and storage 




Ekman et al. (2016) estimate that one week of 
warehouse storage consumes 0.038 kWh/kg. 
Avocado Cooling product 
using forced-air 
tunnel and storage 




Thompson et al. (2010) estimate that 0.036 kWh/kg are 
required to reduce avocado field temperature from 18°C 
to 7°C. 
Ekman et al. (2016) estimate that one week of 
warehouse storage consumes 0.038 kWh/kg. 
Broccoli Cooling product 
using hydro cooling 
and storage for two 
weeks at 0-3°C 
0.195 
kWh/kg 
In their study of Australian broccoli supply chain, 
Ekman et al. (2016) identified that 0.037 kWh/kg are 
required to cool broccoli from field temperature to 0°C.  
We assumed that broccoli would be stored for two 
weeks at the packinghouse, consuming 0.158 (Ekman et 
al. 2016).  
Banana Ripening and storing 
product for one 
week at 13°C 
0.084kWh/kg Ekman et al. (2016) estimate that one week of 
warehouse storage consumes 0.038 kWh/kg. 
Bananas undergo a ripening process with ethylene, we 
have considered 0.36 g of ethylene/kg and 0.046 
kWh/kg of energy for the process (Svanes 2013). 
Strawberry Cooling product 
using forced-air 
tunnel and storage 




Thompson et al. (2010) estimate that 0.059 kWh/kg are 
required to reduce avocado field temperature from 18°C 
to 0°C. 
 Supermarket, supermarket model: Electricity used at the supermarket was considered 
to be the same for all products, with a value of 0.017 kWh/kg (Davis et al. 2011). 
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 Foodconnect facilities, alternative model: Foodconnect uses approximately 
1300kWh/week of energy in their facilities, considering lighting, heating and 
refrigeration. They manage about 6 tonnes of food weekly. The product is stored in 
their facilities for approximately two days. We consider that 0.062 KWh/kg of energy 
is used, all products are considered to use the same amount of energy. 
 “pickup points”, alternative model: No energy use is used at this stage of the food 
supply chain. 
 Consumer food storage and preparation: Tomato, avocado and banana are assumed to 
be eaten raw and stored at room temperature, so no energy inputs are accounted for 
this products at the household. Lettuce, broccoli and strawberries are stored in the 
refrigerator; it is assumed that 155 Wh/kg are used for store the product for five days 
(Gruber et al., 2016). Broccoli is the only product that is cooked, and 50Wh/kg are 
attributed to its cooking (Oberascher et al., 2011). We assumed that cooking broccoli 
would take one-quarter of the energy that is needed to cook potatoes. 
 
1.8. Supermarket supply chian packaging assumptions 
The model considered that the packaging used in the supermarket supply chain are not re-used 
and that after use packaging is taken to landfill. Table D.13 provides details of packaging used 
in the supermarket supply chain. 












per 1 kg of 
product (kg) 
Tomato 10 Cardboard 0.08 Bag 0.005 
Lettuce 10 Cardboard 0.08 Bag 0.005 
Avocado 10 Cardboard 0.08 Bag 0.005 
Broccoli 8 Styrofoam 0.03 Bag 0.005 
Banana 13 Cardboard 0.09 Bag 0.005 
Strawberry 4 non non Punnet 0.080 
 
  




As expected, a difference in GHG emissions and water intensities has been found across 
products, but all follow the same trend – alternative-low having the least GHG emissions and 
supermarket-high the biggest. Avocado is the product that emits more GHG and uses more 
water for its provision; this is so because avocado is a fruit-bearing tree and those are usually 
more water and GHG intense than annual crops (Mekonnen and Hoekstra, 2014). 
Food waste quantities are positevly correlated with both indicators considered. The more food 
waste has a food supply chain, the more GHG are emiited and water used for the provision of 
food. Figure D.1 provides details. 
  
 
Figure D.1: Correlation between food waste and GHG emissions and water use. All products and food waste scenarios are 
considered. A) Correlation between food waste and GHG emissions. Data considers 50% methane recovery at landfill. 
Correlation is between 0.86 and 0.97 for all products. B) Correlation between food waste and water use. Correlation is 




























A: Correlation between food waste ang GHG emissions by 
food type 50% methane recovery scenario






















B: Correlation between water use and food waste
Banana Avocado Strawberry Broccoli Tomato Lettuce
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2.1. Water use estimations 
Table D.14 provides details of water used for the provision of food for our 8 scenarios modelled 
showing process contributions. Irrigation accounts for more than 90% of total water 
consumption for all scenarios. 
Table D.14: Total water use and percentage of process contribution for all products. Low consumer waste and high 
consumer waste assumptions shown. Percentage contribution per processes is the same for high consumer waste and low 












water use Irrigation Packaging Other 
      m3  m3 % % % 
Tomato Alternative Low 0.10 0.16 97% 0% 3% 
  Alternative High 0.11 0.17 97% 0% 3% 
  Supermarket Low 0.11 0.18 92% 4% 4% 
  Supermarket High 0.13 0.21 92% 4% 4% 
Lettuce Alternative Low 0.21 0.32 98% 1% 1% 
  Alternative High 0.21 0.33 98% 1% 1% 
  Supermarket Low 0.22 0.35 96% 3% 2% 
  Supermarket High 0.33 0.51 97% 2% 1% 
Avocado Alternative Low 0.86 1.07 99% 0% 1% 
  Alternative High 1.06 1.31 99% 0% 1% 
  Supermarket Low 1.10 1.37 99% 0% 1% 
  Supermarket High 1.43 1.78 99% 0% 1% 
Broccoli Alternative Low 0.56 0.88 99% 0% 1% 
  Alternative High 0.60 0.94 99% 0% 1% 
  Supermarket Low 0.61 0.96 98% 1% 1% 
  Supermarket High 1.06 1.66 98% 1% 1% 
Banana Alternative Low 0.15 0.18 97% 0% 3% 
  Alternative High 0.17 0.21 98% 0% 2% 
  Supermarket Low 0.18 0.22 94% 3% 3% 
  Supermarket High 0.25 0.31 95% 3% 3% 
Strawberry Alternative Low 0.18 0.23 97% 0% 2% 
  Alternative High 0.19 0.23 97% 0% 2% 
  Supermarket Low 0.20 0.25 93% 5% 2% 
  Supermarket High 0.24 0.29 93% 5% 2% 
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2.2. GHG emissions estimations 
Table D.15: GHG emissions considering high consumer waste and 50% methane recovery at landfill. On yellow highlighted process contribution between 20 and 30% and in read more than 
30%.  




























assumptions Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2 -e % % % % % 
Tomato Alternative Low 1.7 0.3 0.2 0.3 0.7 0.1 19 13 20 44 4 
Tomato Alternative High 1.8 0.3 0.2 0.3 0.8 0.1 19 13 19 45 4 
Tomato Supermarket Low 1.8 0.4 0.5 0.1 0.8 0.0 20 28 6 44 2 
Tomato Supermarket High 2.2 0.4 0.6 0.1 1.1 0.1 18 26 5 48 2 
Lettuce Alternative Low 1.8 0.4 0.2 0.3 0.7 0.1 24 13 19 40 5 
Lettuce Alternative High 1.8 0.4 0.2 0.3 0.7 0.1 24 13 19 40 5 
Lettuce Supermarket Low 1.8 0.5 0.4 0.1 0.7 0.1 26 23 6 41 4 
Lettuce Supermarket High 2.1 0.5 0.5 0.1 1.0 0.1 24 22 5 45 3 
Avocado Alternative Low 3.2 1.6 0.3 0.3 0.9 0.0 51 8 10 29 2 
Avocado Alternative High 4.0 2.0 0.3 0.3 1.4 0.0 50 7 8 35 1 
Avocado Supermarket Low 4.8 2.2 0.8 0.1 1.5 0.0 47 18 2 32 1 
Avocado Supermarket High 6.4 2.9 1.1 0.1 2.3 0.1 45 17 2 35 1 
Broccoli Alternative Low 2.9 1.0 0.5 0.3 0.7 0.4 35 16 12 23 13 
Broccoli Alternative High 3.0 1.1 0.5 0.3 0.7 0.4 37 16 11 23 13 
Broccoli Supermarket Low 2.9 1.1 0.6 0.1 0.7 0.4 38 22 4 23 13 
Broccoli Supermarket High 4.2 1.9 0.8 0.1 1.1 0.4 45 18 3 25 9 
Banana Alternative Low 1.7 0.4 0.3 0.3 0.6 0.1 26 17 19 33 3 
Banana Alternative High 1.8 0.4 0.3 0.3 0.7 0.1 25 16 18 39 3 
Banana Supermarket Low 2.3 0.5 0.8 0.1 0.9 0.0 23 33 5 37 2 
Banana Supermarket High 3.2 0.7 0.9 0.1 1.4 0.0 23 27 4 45 1 
Strawberry Alternative Low 2.0 0.8 0.2 0.3 0.6 0.1 39 12 16 30 4 
Strawberry Alternative High 2.1 0.8 0.2 0.3 0.6 0.1 40 12 16 29 4 
Strawberry Supermarket Low 2.2 0.8 0.3 0.1 0.6 0.5 34 13 5 26 21 
Strawberry Supermarket High 2.8 0.9 0.3 0.1 0.8 0.6 33 13 4 30 20 
 
  




Table D.16: GHG emissions considering high consumer waste and zero methane recovery at landfill. On yellow highlighted process contribution between 20 and 30% and in read more than 
30%.   


























assumptions Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2-e Kg CO2 -e % % % % % 
Tomato Alternative Low 2.7 0.3 0.2 0.3 1.7 0.1 12 9 13 64 3 
Tomato Alternative High 2.8 0.3 0.2 0.3 1.8 0.1 12 8 12 65 3 
Tomato Supermarket Low 2.9 0.4 0.5 0.1 1.9 0.0 12 18 4 65 1 
Tomato Supermarket High 3.7 0.4 0.6 0.1 2.5 0.1 11 16 3 68 1 
Lettuce Alternative Low 2.7 0.4 0.2 0.3 1.6 0.1 16 8 12 60 3 
Lettuce Alternative High 2.7 0.4 0.2 0.3 1.7 0.1 16 8 12 60 3 
Lettuce Supermarket Low 2.7 0.5 0.4 0.1 1.7 0.1 17 15 4 62 2 
Lettuce Supermarket High 3.4 0.5 0.5 0.1 2.3 0.1 15 14 3 66 2 
Avocado Alternative Low 4.4 1.6 0.3 0.3 2.1 0.0 37 6 7 48 1 
Avocado Alternative High 5.7 2.0 0.3 0.3 3.0 0.0 35 5 6 54 1 
Avocado Supermarket Low 6.8 2.2 0.8 0.1 3.6 0.0 33 12 2 53 1 
Avocado Supermarket High 9.4 2.9 1.1 0.1 5.3 0.1 31 12 1 56 1 
Broccoli Alternative Low 3.8 1.0 0.5 0.3 1.6 0.4 27 13 9 41 10 
Broccoli Alternative High 3.9 1.1 0.5 0.3 1.6 0.4 28 12 9 41 10 
Broccoli Supermarket Low 3.8 1.1 0.6 0.1 1.6 0.4 29 17 3 41 10 
Broccoli Supermarket High 5.6 1.9 0.8 0.1 2.5 0.4 34 13 2 44 7 
Banana Alternative Low 2.4 0.4 0.3 0.3 1.3 0.1 18 12 13 54 2 
Banana Alternative High 2.7 0.4 0.3 0.3 1.6 0.1 17 11 12 59 2 
Banana Supermarket Low 3.4 0.5 0.8 0.1 2.0 0.0 16 22 3 58 1 
Banana Supermarket High 5.1 0.7 0.9 0.1 3.3 0.0 14 17 2 66 1 
Strawberry Alternative Low 2.8 0.8 0.2 0.3 1.4 0.1 28 9 12 49 3 
Strawberry Alternative High 2.9 0.8 0.2 0.3 1.4 0.1 29 9 11 49 3 
Strawberry Supermarket Low 3.0 0.8 0.3 0.1 1.3 0.5 26 10 4 45 16 
Strawberry Supermarket High 3.8 0.9 0.3 0.1 1.9 0.6 24 9 3 50 14 
 
  




Table D.17: GHG emissions considering low consumer waste and 50% methane recovery at landfill. On yellow highlighted process contribution between 20 and 30% and in read more than 
30%. 


































e % % % % % 
Tomato Alternative Low 0.7 0.2 0.2 0.2 0.1 0.0 28 24 30 16 3 
Tomato Alternative High 0.8 0.2 0.2 0.2 0.2 0.0 28 22 28 20 2 
Tomato Supermarket Low 0.8 0.2 0.3 0.1 0.2 0.0 27 39 9 23 2 
Tomato Supermarket High 1.1 0.3 0.4 0.1 0.4 0.0 24 34 6 33 2 
Lettuce Alternative Low 0.8 0.3 0.2 0.2 0.1 0.0 34 22 28 12 4 
Lettuce Alternative High 0.8 0.3 0.2 0.2 0.1 0.0 34 22 27 13 4 
Lettuce Supermarket Low 0.8 0.3 0.3 0.1 0.1 0.0 36 33 9 18 5 
Lettuce Supermarket High 1.0 0.3 0.3 0.1 0.3 0.0 32 29 7 29 4 
Avocado Alternative Low 2.4 1.3 0.3 0.3 0.6 0.0 54 10 11 24 0 
Avocado Alternative High 3.1 1.6 0.3 0.3 1.0 0.0 52 8 8 31 0 
Avocado Supermarket Low 3.5 1.7 0.7 0.1 1.0 0.0 50 19 3 28 1 
Avocado Supermarket High 4.7 2.2 0.8 0.1 1.5 0.0 47 18 2 32 1 
Broccoli Alternative Low 1.5 0.7 0.3 0.2 0.1 0.2 44 22 14 5 15 
Broccoli Alternative High 1.6 0.7 0.3 0.2 0.1 0.2 45 21 14 6 14 
Broccoli Supermarket Low 1.5 0.7 0.4 0.1 0.1 0.2 46 27 5 7 15 
Broccoli Supermarket High 2.4 1.2 0.5 0.1 0.4 0.2 51 21 3 15 10 
Banana Alternative Low 1.2 0.4 0.3 0.3 0.3 0.0 30 23 22 23 1 
Banana Alternative High 1.3 0.4 0.3 0.3 0.4 0.0 29 20 20 30 1 
Banana Supermarket Low 1.6 0.4 0.2 0.1 0.4 0.4 26 14 6 29 25 
Banana Supermarket High 2.3 0.6 0.3 0.1 0.9 0.4 25 13 4 41 18 
Strawberry Alternative Low 1.5 0.6 0.2 0.3 0.3 0.0 44 15 18 21 2 
Strawberry Alternative High 1.5 0.7 0.2 0.3 0.3 0.0 44 15 17 21 2 
Strawberry Supermarket Low 1.6 0.6 0.2 0.1 0.3 0.4 38 15 5 19 23 
Strawberry Supermarket High 2.1 0.7 0.3 0.1 0.5 0.4 36 14 4 25 21 
 
  




Table D.18: GHG emissions considering low consumer waste and zero methane recovery at landfill. On yellow highlighted process contribution between 20 and 30% and in read more than 
30%. 


































e % % % % % 
Tomato Alternative Low 0.8 0.2 0.2 0.2 0.2 0.0 26 22 27 22 2 
Tomato Alternative High 1.0 0.2 0.2 0.2 0.3 0.0 22 18 22 35 2 
Tomato Supermarket Low 1.1 0.2 0.3 0.1 0.4 0.0 21 30 7 41 2 
Tomato Supermarket High 1.6 0.3 0.4 0.1 0.9 0.0 16 24 4 54 2 
Lettuce Alternative Low 0.9 0.3 0.2 0.2 0.2 0.0 29 19 24 24 4 
Lettuce Alternative High 0.9 0.3 0.2 0.2 0.2 0.0 30 19 23 25 4 
Lettuce Supermarket Low 1.0 0.3 0.3 0.1 0.3 0.0 29 27 7 33 4 
Lettuce Supermarket High 1.4 0.3 0.3 0.1 0.7 0.0 23 21 5 48 3 
Avocado Alternative Low 3.1 1.3 0.3 0.3 1.3 0.0 42 8 8 41 0 
Avocado Alternative High 4.2 1.6 0.3 0.3 2.1 0.0 38 6 6 49 0 
Avocado Supermarket Low 4.8 1.7 0.7 0.1 2.3 0.0 36 14 2 48 1 
Avocado Supermarket High 6.8 2.2 0.8 0.1 3.6 0.0 33 12 1 53 1 
Broccoli Alternative Low 1.6 0.7 0.3 0.2 0.2 0.2 41 21 13 11 14 
Broccoli Alternative High 1.7 0.7 0.3 0.2 0.2 0.2 42 20 13 12 13 
Broccoli Supermarket Low 1.7 0.7 0.4 0.1 0.2 0.2 42 25 4 15 14 
Broccoli Supermarket High 2.8 1.2 0.5 0.1 0.8 0.2 42 17 3 30 8 
Banana Alternative Low 1.5 0.4 0.3 0.3 0.6 0.0 23 17 17 41 1 
Banana Alternative High 1.8 0.4 0.3 0.3 0.9 0.0 21 15 14 49 1 
Banana Supermarket Low 2.2 0.4 0.2 0.1 1.0 0.4 19 10 4 48 18 
Banana Supermarket High 3.6 0.6 0.3 0.1 2.2 0.4 16 8 2 62 12 
Strawberry Alternative Low 1.9 0.6 0.2 0.3 0.7 0.0 34 12 14 38 2 
Strawberry Alternative High 1.9 0.7 0.2 0.3 0.7 0.0 35 12 14 38 2 
Strawberry Supermarket Low 2.0 0.6 0.2 0.1 0.7 0.4 30 12 4 34 19 
Strawberry Supermarket High 2.7 0.7 0.3 0.1 1.2 0.4 27 10 3 43 16 





Figure D.2: GHG emissions for banana provision differentiating between GHG emitted to supply food that is eaten (1kg) and 
emissions to produce/transport/handle food that is wasted. Scenarios shown correspond to low consumer waste. Emissions for 
consumed food consider landfill emissions for the non-edible fraction of food. 
 
2.3. Comparing results with previously published work 
Compared with previously published studies, our results are within the expected range. Published 
work has different system boundaries than ours. To make the comparison, we altered our functional 
unit and excluded food waste and consumer behaviour (shopping trip and cooking and storing of 
food) from the calculation. Clune et al. (2017) provide a systematic review of GHG emissions for 
fresh food by product category. Results obtained for all products are within the range available in the 
literature (Table D.19). 
Table D.19: Results comparison with the available literature. All results are within the expected range when compared with available 
literature. Units are kg CO2-eq/kg produce. 
 
This 
research   
Clune et al. 
(2017)   
 Alternative Supermarket Low range High range 
Tomato 0.3 0.4 0.1 1 
Lettuce 0.4 0.5 0.1 0.6 
Avocado 0.9 1.1 1.3 n/a 
Broccoli 0.9 1 0.3 1.7 
Banana 0.4 0.6 0.4 1.4 
Strawberry 0.3 0.4 0.2 1.5 
 
Our water intensities result present a similar trend compared with world averages, in which avocado 
production has about 4 times higher water intensities than lettuces and strawberries (Mekonnen and 
Hoekstra, 2014). The only exception being the water intensity of bananas, for which world averages 
are more than double that for vegetables (Mekonnen and Hoekstra, 2014), but in our estimation is 

































GHG emissions for the consumption of 1 kg of 
banana
For food waste
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region. North Queensland is the modelled growing region and it is in the wet tropics, thus little 
irrigation is needed as there is plenty of rain. Our water use metric only considers irrigation water, 
thus it follows that results for water use for bananas are quite low compared with world averages.  
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